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ABSTRACT

Filmwise condensation heat-transfer measurements were
performed on horizontal smooth and roped titanium tubes using
steam. The roped tubes were a commercially available tube
(KORODENSE) with a nominal pitch of 7 mm. To further enhance
the outside heat-transfer coefficient of both the smooth and
roped tubes a wire was tightly wrapped around the tubes. To
see the effect that the wire diameter and wire pitch had on
the enhancement, 3 different wire diameters were used (nominal
diameters of 0.5, 1.0, 1.6 mm) giving a range of wire pitch to
wire diameter ratio of between 2 and 9. Tests were conducted
under vacuum and atmospheric pressure conditions. The data
reduction technique used the modified Wilson plot.

Results obtained for the wire-wrapped smooth titanium
tubes showed a maximum enhancement of 30% as compared to a
smooth titanium tube. This was for a tube using a 0.5 mm wire
diameter (P/D, = 7.92), corresponding to a fraction of the
tube covered by the wire of 12%. The LPD KORODENSE titanium
tube showed an enhancement of 20% as compared to a smooth
titanium tube for both atmospheric and vacuum pressures. The
addition of wrapping a wire in the grooves of the LPD tube
showed no further significant enhancement for the three wire

diameters tested.




I.

II.

II1I.

TABLE OF CONTENTS

I NTRODUCTION - L] L] - L] - L] Ll . L3 - Ll L] L] - L3 L . L d

A'

B.

C.

B.

c.

A.

B.

C.

BACKGROUND . . o ¢« ¢ o o o o o o o s o o s o o«
CONDENSATION . . ¢ & o « o o o o o s a o o = «
CONDENSATION RESEARCH AT THE NAVAL POSTGRADUATE
SCHOOL . ¢ ¢ 4 ¢ o o o o e o o o o o o o o o =
1. Condensation Research Using Roped and Wire-
Wrapped Tubes . . « « « « s = o o o o o o @

OBJECTIVES . . ¢ o ¢ o o o o s s o o o o o o =

LITERATURE SURVEY . . ¢ ¢« ¢ o ¢ ¢ o o s o o o o @

INTRODUCTION . . . ¢ & ¢ o o o o ¢ o o o o o o
FILM CONDENSATION OF STEAM ON A SMOOTH TUBE . .
FILM CONDENSATION ON WIRE WRAPPED TUBES . . . .
1. Summary of Wire-Wrap Tube Research . . . .
FILM CONDENSATION ON ROPED TUBES . . . . . . .

1. Summary of Roped Tube Condensation Data . .

APPARATUS AND SYSTEM INSTRUMENTATION . . . . . .

SYSTm OVERVIEW - L] - . L] L] L - L L] L] L] - * Ld L]
SYSTEM INSTRUMENTATION . . ¢ ¢ ¢ ¢ ¢ o o o o @

TUBES TESTED . . . . . . . . . . L] . . . 3 L] .

iv

10

11

14

14

18

18

20

24




Iv.

A.

B.

C.

D.

EXPERIMENTAL PROCEDURES AND DATA REDUCTION
EXPERIMENTAL PROCEDURES AND OBSERVATIONS
DATA REDUCTION PROCEDURES . . . . . . . .
MODIFIED WILSON PLOT TECHNIQUE . . . . .

ENHANCEMENT RATIO . « o ¢ « ¢ o o o o o &

V. RESULTS AND DISCUSSION . . ¢« « o « « ¢ o o o

A.

Bl

INSIDE HEAT TRANSFER CORRELATION . . . .
ANALYSIS OF THE SMOOTH TUBE RESULTS . . .
1. Overall Heat Transfer Coefficient . .
2. Outside Heat Transfer Coefficient . .
ANALYSIS OF THE WIRE-WRAPPED SMOOTH TUBES
ANALYSIS OF THE ROPED AND WIRE-WRAPPED

TITANIUM TUBES . . ¢ ¢ « ¢ o o o o o o =

CONCLUSIONS AND RECOMMENDATIONS . . « « « ¢ & o &

A.

B.

CONCLUSIONS . ¢ ¢ o o ¢ o o o o o o ¢ o o

RECOMMENDATIONS . . « ¢ ¢ o o o o o o o &

APPENDIX A. SYSTEM CORRECTIONS . . « « &« « « «

A.

FRICTIONAL TEMPERATURE CORRECTIONS . . .

APPENDIX B. SYSTEM STARTUP AND SHUTDOWN PROCEDURES

A.

B.

SYSTEM STARTUP PROCEDURE . . . . . . . .

SYSTEM SHUTDOWN PROCEDURES . . « . .+ . .

. . .

26

26

29

33

37

39

39

48

50

56

63

77

85

85

85

87

87

21

91

95




APPENDIX C. UNCERTAINTY ANALYSIS

APPENDIX D. DATA RUNS . . .

APPENDIX E. DRPOK PROGRAM LISTING

LIST OF REFERENCES . . . .

INITIAL DISTRIBUTION LIST .

26

106

190

225

229




LIST OF TABLES
Table I. LISTING OF THE TUBES TESTED . . . . . . . . .
Table II. SMOOTH TITANIUM TUBE WITH A HEATEX INSERT
(PRESENT WORK) . . ¢ ¢ &« ¢ ¢ o o o o o o o o o« o &
Table III. SMOOTH TITANIUM TUBE WITH NO INSERT (PRESENT
WORK) ¢ ¢ ¢ o o ¢ o o o o o o o o o o o o o o o o =
Table IV. SMOOTH COPPER TUBE WITH A HEATEX INSERT . .
Table V. SMOOTH COPPER TUBE WITH A WIRE WRAP INSERT .
Table VI. SMOOTH COPPER TUBE WITH NO INSERT . . . . .
Table VII. WIRE-WRAPPED SMOOTH TITANIUM TUBES WITH A
HEATEX INSERT . . ¢ ¢ ¢ ¢ ¢ o o o o o o o o o o s
Table VIII. WIRE-WRAPPED SMOOTH TITANIUM TUBES WITH NO
INSERT . ¢ ¢ ¢ o o o o o o s o o o s o s s o o o »
Table IX. WIRE-WRAPPED SMOOTH COPPER TUBES WITH A HEATEX
INSERT ¢ ¢ ¢ ¢ ¢ o o o o a o s o o s 2 s s s o o o
Table X. WIRE-WRAPPED SMOOTH COPPER TUBES WITH A WIRE
WRAP INSERT . ¢ ¢ o ¢ o o o o s o o o o o o o o o o
Table XI. LPD KORODENSE TUBES WITH A HEATEX INSERT . .
Table XII. LPD KORODENSE TUBES WITH NO INSERT . . . .

Table A.1 FRICTION TEMPERATURE RISE EQUATIONS . . . .

vii

25

59

60

61

62

63

66

67

68

69

79

80

89




LIST OF FIGURES
Figure 1. 1Idealized Condensate Film Profile on a Wire-
Wrapped Tube . . . . ¢ ¢ ¢ ¢ o o o o s o o o o » &
Figure 2. Profile of a Roped Tube . . . « « « « « + « &
Figure 3. Schematic of the Single Tube Test Apparatus
Figure 4. Schematic of the Test Section Insert . . . .
Figure 5. Schematic of Purging System and Cooling Water
SUMP + « « o ¢ ¢ ¢ o o o s o o o o o o o o o « o o
Figure 6. Comparison of Results for the Outside Heat
Transfer Coefficient at Atmospheric Pressure Using the
Swensen Correlations . . . . . . ¢  « ¢ ¢ ¢ ¢ o .
Figure 7. Comparison of the Outside Heat Transfer
Coefficients at Vacuum Pressure using the Swensen
Correlations . . . . . ¢ ¢ ¢ ¢ o ¢ o o o o o o o
Figure 8. Comparison of the Outside Heat Transfer
Coefficients at Atmospheric Pressure using the
Petukhov-Popov Correlation . . . . . . . ¢« « ¢ + &
Figure 9. Comparison of the Outside Heat Transfer
Coefficients at Vacuum Pressure Using the Petukhov-
Popov Correlation . . . ¢ ¢ . ¢ ¢ ¢ ¢ ¢ ¢ o o o o o
Figure 10. Comparison if the 1Inside Heat Transfer
Coefficients using the Petukhov-Popov and Sleicher-

Rouse Correlations . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o o o «

viii

12

15

19

21

22

41

42

45

46

47




Figure 11. Comparison of the Outside Heat Transfer
Coefficients for Atmospheric- Pressure Using the
Petukhov-Popov and Sieder-Tate (Re'*®*) Correlations

Figure 12. U, vs. V, for a Smooth Tube at Atmospheric
Pressure with a HEATEX Insert . . . . . . « « « . .

Figure 13. U, vs. V, for a Smooth at Atmospheric Pressure
with NoInsert . . . . . . ¢ ¢ ¢ o ¢ ¢ ¢ o o o « &

Figure 14. U, vs. V, for a Smooth Tube at Vacuum Pressure
with a HEATEX Insert . . . . ¢ ¢ ¢ « o o o o« o o &

Figure 15. U, vs. V, for a Smooth Tube at Vacuum Pressure
with No Insert . . . . . ¢ ¢ ¢ ¢ ¢ ¢ o o o o « o &

Figure 16. Effect of Vapor Velocity on Smooth Titanium
Tubes Average U, Values . . . .« ¢« ¢ o « o o o o &

Figure 17. h, vs. AT, for Smooth Tubes at Atmospheric

pressure - L] - - . - L] - L] - - * - L] - . L] - - - -
Figure 18. h, vs. AT, for a Smooth Tube at Vacuum
Pressure - . L ] - - - L] L] - [ ] . . L] L] . L] L] - - - L]

Figure 19. U, vs V, for Wire-Wrapped Tubes at Atmospheric
Pressure with a Heatex Insert . . . . . . . . . . .

Figure 20. Comparison of the Outside Heat Transfer
Coefficients of Tubes 6 and 7 with a Smooth Titanium
Tube . . & & ¢ & ¢ 4 e et e e e s e e e e e s e

Figure 21. Comparison of the Outside Heat Transfer
Coefficients of Tubes 1,2, and 3 to a Smooth Titanium

Tube L3 . - . . . . - . . . . . . . . . L] . 3 . . .

ix

49

51

52

53

54

55

57

58

65

70

71




Figure 22. Comparison of the Outside Heat Transfer
Coefficients for tubes 4 and 5 to a Smooth Titanium
Tube . . ¢ ¢ ¢ ¢ ¢ 4o ¢« ¢ o o o o o o o o o o o o o

Figure 23. Comparison of the Outside Heat Transfer
Coefficients between the Titanium and Copper Tubes

Figure 24. Comparison of the Enhancement vs. P/D, Ratio
of the Data from Mitrou, O’Keefe, and Sethumadhavan &
RAO ¢ ¢ ¢ v v ¢ o o o o s o s o o o o o o o s s o

Figure 25. Comparison of the Enhancement vs. F for the
data of Mitrou, 0O’Keefe, and Sethumadhavan & Rao .

Figure 26. Comparison of the Outside Heat Transfer
Coefficients for the plain LPD KORODENSE Tube and the
Smooth Titanium Tube . . . . . . . . ¢« ¢« .+« ¢« ¢« .+ .

Figure 27. Comparison of the Outside Heat Transfer
Coefficient for the Wire-Wrapped LPD KORODENSE
Titanium Tubes and the Smooth Titanium Tube . . . .

Figure 28. Comparison of h,/h,, vs. P/D, Ratio for the
Wire-Wrapped LPD KORODENSE Tubes . . . . . . . . .

Figure 29. Comparison of h,/h,, vs. F for the Wire-
Wrapped LPD KORODENSE tubes . . . . . . . . . . . .

Figure A.1 Frictional Temperature Rise Curves for the
Smooth Titanium Tube with a HEATEX Insert and No
Insert. . . . ¢ ¢ ¢ ¢ ¢ o o o o o o o s s o e o o

Figure A.2 Frictional Temperature Rise Curves for the LPD
KORODENSE Titanium Tube with a HEATEX Insert and No

Insert . . . . . . . ° o . . . . . - . . . - . . .

72

73

74 -

76

78

81

82

83

89

920




o

L]

M m m™m O

= 2= SR ¢
o 0 4 o s

= X" X ®F & U

NOMENCLATURE

as defined in equation (4.23)

effective inside surface area, m*

effective outside surface area, m,

as defined in equation (4.22)

as define in equation (4.15)

leading coefficient for the inside heat transfer
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fraction of the tube covered by wire

as defined in equation (2.3)

gravitational constant, 9.81 m/s
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inside heat transfer coefficient, W/m3K

outside heat transfer coefficient, W/m?K
thermal conductivity of the coolant film, W/mX
thermal conductivity of the condensate film, W/mK
thermal conductivity of the tube material, W/mK
as defined in equation (4.16)

as defined in equation (4.16)
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X as defined in equation (4.19)
Y as defined in equation (4.18)
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€ as defined in equation (4.16)
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I. INTRODUCTION

A. BACKGROUND

Since the Cold War has ended, the money allocated for new
weapon platforms in the Navy has been greatiy reduced. There
is therefore an increased emphasis on making ships as cost
efficient as possible. Technology has progressed to the point
where the heat removal requirements of modern weapons systems
have increased. Future classes of attack submarines are
expected to be smaller in size and just as capable as the
existing 688 class. This will require the main and auxiliary
propulsion systems to be designed for maximum power with the
smallest, lightest, and most cost efficient components. One
method to reduce the main propulsion system size and weight is
to use enhanced tubing in the main condenser. In addition,
submarine and surface ship refrigeration systems can have
larger capacities, and maintain the same approximate size and
weight if enhanced tubing is used in the refrigeration
condenser. The Naval Postgraduate School, with support from
the David Taylor Research Center, has been conducting research
on various types of condenser tubing with the object of
designing smaller, lighter, and more efficient condensers.

The DDG-51 class of destroyers was originally designed to

have enhanced titanium tubes used for the refrigeration




condenser to give significant weight reduction to the
refrigeration plant. In submarines, the use of enhanced
titanium tubes in the main and auxiliary condensers would lead
to a major reduction in weight of the steam propulsion plant.
Titanium has the advantage over copper-nickel, which is
presently used in condensers, of a higher strength to weight
ratio, as well as excellent corrosion and erosion resistance.
This allows for thinner tube walls and higher coolant flow
rates to be used, so the same overall amount of heat can be
transferred [Ref. 1]. The improved performance of enhanced
tubes allows the same amount of power to be produced at a
lower turbine backpressure, allowing for the design of
smaller, more efficient propulsion plants. Alternatively, a
larger power output can be achieved at the same backpressure
for a plant of the same size. Some of the disadvantages of
titanium are that it has a much smaller thermal conductivity

and it is very expensive compared to copper-nickel.

B. CONDENSATION

Condensation occurs when a vapor is cooled below its
saturation temperature, or when a vapor/gas mixture is cooled
below its dew point. Condensation also occurs when a vapor
comes into contact with a subcooled liquid. This is known as
direct contact condensation. The most common type of
condensation involved with heat exchangers is surface

condensation. This occurs when the vapor contacts a surface




that is maintained below the saturation temperature of the
vapor. Two types of surface condensation can take place. The
first is filmwise condensation, so called because the
condensate "wets" the surface with a continuous film. The
second is dropwise condensation, so called because the
condensate does not "wet" the surface, but instead forms
distinct droplets of various sizes. Microscopic droplets
coalesce to form large drops, which are then removed from the
surface by gravity and/or vapor shear forces. Dropwise
condensation results in much higher heat transfer coefficients
(typically by an order of magnitude) than with filmwise
condensation due to the fact that a certain portion of the
cooled metal surface is exposed to the vapor. However,
dropwise condensation is difficult to maintain over the life
of a typical condenser. Many attempts have been made to
promote dropwise condensation by using special surface
coatings, but these tend to get ‘washed’ off in the little
long term, reverting back to filmwise condensation. Therefore,
condensers are normally designed to operate assuming filmwise
condensation takes place, Thus providing for a conservative
design [Ref. 2].

The heat transfer rate across a condenser tube is
controlled by the tube wall, fouling, coolant side, and vapor
side thermal resistances. For most laboratory experimental
work, the tubes are thoroughly cleaned before testing, so the

fouling thermal resistance is negligible. The other thermal




resistances vary depending on the condensing and coolant
fluids used, tube geometry and material, and the flow
conditions of the coolant and vapor. During condensation of
steam, the coolant side thermal resistance is usually the
dominant controlling resistance.

Methods of lowering the coolant side resistance include
the use of inserts and roped tubes. However, any increase in
heat transfer is offset by an increase in the pressure drop
along the tube. Although inserts ©provide the best
enhancement, the 1large pressure drop involved generally
restricts their use to laminar flows and other specialist
applications. Roped tubes, which tend to incur a much lower
pressure drop, have been used successfully in a large scale
condenser at the Gallatin Unit 1 300-MW power plant for the
Tennessee Valley Authority. Low pressure drop (LPD) KORODENSE
90-10 Cu-Ni tubes were used to retube the condenser in August
1980 (LPD KORODENSE is a particular type of roped tube made by
the Wolverine Tube Co.). Although it cost about $65,000 more
to retube using the roped tubes, a projected savings of
$908,000 is expected over the remaining life of the plant
based on actual performance [Ref. 3]. The wall resistance is
controlled by the type of material used and the thickness of
the tube wall.

The vapor side thermal resistance is lowered essentially
by thinning the condensate film. One way of thinning the

condensate film can be achieved by changing the geometry of




the outside surface of the tube to utilize the surface tension
effects of the fluid. Thinning the condensate film can
significantly increase the heat transfer, especially for
fluids like water where the surface tension is high. The use
of fins, wire-wrap, and roped tubes have all been used to
lower the vapor side resistance by causing an uneven pressure
distribution through the condensate film on the surface of the

tube.

C. CONDENSATION RESEARCH AT THE NAVAL POSTGRADUATE SCHOOL

The Naval Postgraduate School (NPS) has been conducting
condensation research on enhanced tubes since 1982. Van
Petten [Ref. 4] provides a summary of the research efforts on
single horizontal tube condensation at NPS from 1982 to 1988.
In particular, the research has looked at many aspects of
enhancing tubes with low integral fins. Previous researchers
have varied the fin spacing, fin shape, fin material, and tube
diameter to determine how the performance of the tube is
affected. Work has been done on single tubes and tube bundles
at various pressures. Several different types of working
fluids have also been used: steam, R-113, and ethylene glycol.
All of this has been done to determine if the performance of
an enhanced tube can be predicted, and under what condition
the maximum enhancement will be realized.

Previously, the modified Wilson plot technique has been

used to find the outside heat-transfer coefficient. However,




without an accurate inside heat transfer correlation, past
researchers have had trouble reducing their data to provide an
accurate value of the outside heat-transfer coefficient.
Swensen [Ref. 5] used an instrumented tube to find the values
of the tube wall temperatures. With a mean wall temperature
of the tube, the inside and outside heat-transfer coefficients
could be calculated directly. He then developed several
inside heat transfer correlations using his data, based on the
form of the Sieder-Tate [Ref. 6] correlation. His research
noted that the outside heat transfer correlations were very
sensitive to the Reynolds number exponent.
1. Condensation Research Using Roped and Wire-Wrapped
Tubes
Most of the single tube condensation research done
previously at NPS has involved the use of smooth and low
integral fin copper tubes. Only a few researchers at NPS have
studied the effects of wire-wrapping smooth tubes in a
condensation application. The first was Kanakis [Ref. 7] in
1983. He tested titanium smooth and roped tubes, both with
and without wire wrapping, while condensing steam in a
vertical in-line tube bundle; up to 30 tubes were simulated by
using inundation tubes. Brower [Ref. 8] used the same
apparatus as Kanakis to try and determined the effects of wire
diameter and pitch on the steam side heat transfer coefficient

and to compare the effect of condensate inundation on smooth




and wire-wrapped tubes. Kanakis and Brower showed that the
wire-wrapped tubes were not significantly affected by
inundation (i.e. the wire provided better drainage down the
bundle) in a steam condenser bundle. In a different
apparatus, Mitrou [Ref. 9] conducted research on single tubes,
both finned and wire-wrapped. He studied the relationship
between the wire pitch and wire diameter for several wire-
wrapped smooth copper tubes. Mitrou’s results showed that the
enhancement of a wire-wrapped tube compared to a smooth tube
could be as much as 80% for the same temperature drop across
the condensate film. The largest enhancements corresponded to

a P/D, ratio of between 5 and 7.

D. OBJECTIVES

The main objectives of this thesis were:

1. To find an accurate inside heat-transfer correlation,
which is not sensitive to the Reynolds number exponent,
for use in the data reduction technique.

2. To manufacture and collect condensation data on a series
of titanium wire-wrapped smooth and roped tubes.

3. To check the repeatability of results of past researchers
on the enhancement in the outside heat transfer
coefficient due to wire-wrapping a copper tube.

4. To determine any effect of wire pitch and wire diameter
on the enhancement in the outside heat transfer
coefficient as compared to a smooth tube.




II. LITERATURE SURVEY

A. INTRODUCTION

When filmwise condensation occurs on a smooth horizontal
tube, a thin condensate film forms around the tube. This
condensate film provides a resistance to the heat transfer
across the tube, so if the thickness of the film can be
reduced, then the heat transfer rate will increase. To reduce
the thickness of the film, several different methods have been
used including low integral fins, wire-wrapped, and roped
tubes. In the past, it was thought that enhancing a tube in
this way for steam condensation would be impractical because
the high surface tension would cause condensate to be retained
between the surface enhancement on the tube, degrading
performance.

The Naval Postgraduate School has conducted extensive
research in enhancing the heat transfer performance of
condenser tubes. The direction of the experimental research
recently has been to find the optimum tube for condensation

using the various enhancement methods.

B. FILM CONDENSATION OF STEAM ON A SMOOTH TUBE
In 1916, Nusselt [Ref. 10] showed that for a quiescent
vapor condensing on a horizontal tube, the thickness of the

condensate film varied around the tube. This variation led to




a variation in the local heat transfer coefficient, being a
maximum at the top of the tube where the film is the thinnest.
Nusselt’s theoretical result for the mean heat transfer
coefficient of a pure saturated vapor on a horizontal cylinder

was.

l- 3 1/4
kfpe(Pe-P)ghy (2.1)
p‘tDoATt

h, = 0.728

Nusselt’s equation has been verified experimentally for a
stationary vapor surrounding the tube. However, in most steam
surface condensers, the vapor is moving with some velocity.
The velocity of the vapor affects the thickness of the
condensate film due to the drag imparted on it by the vapor.
Shekriladze and Gomelauri (1966) [Ref. 11] took this surface
shear into account and derived the following theoretical
equation for the mean Nusselt number (dimensionless mean heat

transfer coefficient):

MU 0.64(1+(1+1.69F")1/2)1/2 (2.2)
1/2
Rezo

where:

Fr Ph Ufkag}

Uu.D
Re,y = LT - two phase Reynolds number
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F* is a dimensionless parameter which relates the gravity
force to the shear force. At high values of F*, where
gravitational forces dominate, equation (2.2) reduces to the
Nusselt equation shown in equation (2.1). A low values of
F*, equation (2.2) predicts significantly higher values of h,
than equation (2.1) due to the action of the vapor shear
forces thinning the condensate film.

Fujii et al [Ref. 12], in 1979, formed an empirical
correlation for the vapor side Nusselt number from forced

convection steam condensation data:

Nu

1/2

= 0.96 F*1/5 (2.4)
Reza

Again, at high values of F*, equation (2.4) gives the same
result as ecuation (2.1).

In a situation where surface shear forces are significant
for steam condensation, equation (2.4) seems to be the most
accurate. The reader is referred to Rose [Ref. 13] for
further reading on the topic of filmwise condensation on a

smooth horizontal cylinder.

C. FILM CONDEMNSATICN ON WIRE WRAPPED TUBES

The technique of wrapping a wire around a smooth tube to
enhance performance was first introduced by Thomas [Ref. 14]
in 1967 for vertical tubes. He judged that the wire, creates

a low pressure region at the base of the wire due to the small
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radius of curvature. This low pressure region draws in
condensate from between the wires (where the pressure is
greater), thinning the condensate film and improving the
outside heat transfer coefficient.

The same explanation can be used to explain why
enhancement occurs for a norizontal wire-wrapped horizontal
tube. Figure 1 is an idealized profile of a wire wrapped
tube. The low pressure region forms at the base of the wire
with the higher pressure region forms between the wires. The
amount of heat transferred through the wire is usually
negligible compared to the rest of the surface. This is not
only because of the high thermal contact resistance between
the tube and the wire but also because the thicker condensate
layer that is formed at the base of the wire tends to inhibit
heat transfer in this region.

1. Summary of Wire-Wrap Tube Research

Previous researchers have found that wire-wrapped
smooth tubes can lead to significant enhancement over plain
smooth tubes. Sethumadhavan and Rao [Ref. 15] used single
wire-wrapped horizontal tubes in a steam condenser with
negligible vapor shear and showed that the tubes had an
outside heat transfer coefficient enhancement of between 10%
and 45% over plain smooth tubes; unfortunately, the material
of the tube was not specified. They used three different wire

diameters, 0.71 mm, 1.5 mm, and 3.0 mnm. The maximum
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Figure 1. Idealized Condensate Film Profile on a Wire-Wrapped
Tube

enhancement of 45% was obtained for the 3.0 mm wire at a
pitch of 15 mm, giving a P/D, = 5. The fractional coverage by
the wire of the tube, F, in this case corresponded to 218%.
They were trying to determine if there was a relationship
between either F or P/D, and the heat transfer enhancement
such that the performance of wire-wrapped smooth tubes could
be predicted.

The same year Fujii et al. [Ref. 16] presented data
condensing R-11 and ethanol cn a single wire-wrapped smooth
tube. Wire diameters of 0.1 mm, 0.2 mm, and 0.3 mm were used
on copper tubes. They showed an increase in the outside heat
transfer coefficient of 2 to 3 times that predicted by the

12




Nusselt equation for a smooth tube. This maximum enhancement
of the outside heat transfer coefficient occurred at P/D, of
2. They also modeled the relationship between P/D, and the
outside heat transfer coefficient enhancement and found
reasonable agreement with their data.

Marto et al. [Ref. 17] showed enhancements in the outside
heat transfer coefficient of up to 80% for a single wire-
wrapped smooth copper tube over a plain smooth copper tube
condensing steam (i.e. significantly lower than that found by
Fujii [Ref. 16] for R-11). Their results showed an optimum
P/D, between 5 and 7. Titanium wire diameters of 0.5 mm, 1.0
mm, and 1.6 mm were used, the difference in the results for R-
11 and steam is the condensate retention between the wires for
the case of steam. They then improved the model of Fujii et
al. [Ref. 16] to account for the condensate retention and
obtained reasonable agreement with there data.

Marto and Wanniarachchi [Ref. 19] tested smooth and roped
titanium tubes, both with and without wire-wrap using steam in
a tube bundle that could simulate up to 30 tubes in a vertical
column. For the wire-wrapped tubes, a wire diameter of 1.6 mm
was used. They reported that the mean bundle outside heat
transfer coefficient could be significantly increased by using
wire-wrapped tubes. Due to the fact that they are much less

susceptible to the effects of condensate inundation.
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D. FILM CONDENSATION ON ROPED TUBES

Roped tubes 1lower the overall thermal resistance in
several ways; first by promoting turbulent flow on the coolant
side disrupting the laminar sublayer. Secondly, the rounded
geometry and grooves on the outside surface of the tube set up
low pressure regions which thin the condensate film over much
of the tube’s outer surface area (Figure 2). The grooves in
the roped tube also make it easier for the condensate to drain
off the tube. By thinning the film over most of the tube
surface, the outside heat-transfer is enhanced.

The disadvantage of roped tubes is that the tubeside
pressure drop is increased, so more pumping capacity is needed
to provide the same coolant flow rate as with a smooth tube.
The magnitude of this increased pressure drop is related to
the groove depth and pitch. There is therefore always a
trade~off between the increased heat transfer and the
increased pressure drop, which can only be sorted out from an
economic standpoint.

1. Summary of Roped Tube Condenéation Data

In 1971, Withers and Young [Ref. 19] evaluated the use
of roped tubes in a distillation plant condenser. They
obtained enhancements of up to 50% in the overall heat
transfer coefficient using the roped tubes with an equal
pressure drop across the coolant side of the condenser.

Catchpole and Drew [Ref. 20] tested various single roped

14




Figure 2. Profile of a Roped Tube

tubes. They varied the pitch and groove depth in the tubes
and also obtained overall heat transfer improvements of up to
50%. There was always an enhancement with the roped tubes:;
the optimum tube for use, based on single tube data only,
depended on a balance between space and weight requirements
and higher operating cost due to the increased pumping power
required.

Mehta and Rao [Ref. 21] tested roped aluminum tubes and
were able to show that the outside heat transfer coefficient
was enhanced between 16% and 38%, as compared to Nusselt
theory for a smooth aluminum tube. Marto, Reilly, and Fenner
[Ref. 22] tested eleven different roped tube configurations
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(i.e. varying the groove pitch and depth) made of various
materials. The tube was set up in a bundle arrangement to
simulate a portion of a steam condenser. They found that the
outside heat transfer coefficients, when compared to a smooth
tube, were enhanced from 0.85 to 1.34 for the various tubes.
The tubes with the highest performance had the deeper grooves
and, as a consequence, larger coolantside pressure drops.
They also noted that if the high performance tubes were not
supported properly, there could be problems with tube
vibration.

Cunningham et al. [Ref. 23, 24] studied the use of roped
tube bundles in a steam condenser. They looked at two roped
tubes with the same groove depth and pitch except one tube had
six helical starts and the other tube had two helical starts.
Their results showed that the roped tubes increased the
overall heat transfer coefficient by 20% for the six start
tube and up to 50% for the two start tube. The two start
tubes showed higher performance for the top tube in the
bundle, but lower tubes had problems with inundation. For the
six start tubes, inundation did not have as large an effect as
with the two start tubes, probably due to the better drainage.
The six start tubes would therefore give the best overall
performance when operating in a bundle.

In 1980, the Tennessee Valley authority retubed their
Gallatin Steam plant Unit I condenser with 90-10 Cu-Ni LPD

roped tubes and obtained an increase between 38% and 43% in
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the overall bundle heat transfer coefficient, as compared to
the original smooth tube bundle. However, the overall bundle
heat transfer coefficient dropped as the tubes became fouled
over a 2 to 4 month period. The fouling was removed by
driving a stiff bristle brush through the tubes with high
pressure air and water. After the fouling was removed, a 47%
increase in the overall bundle heat transfer coefficient. (as
compared to a smooth tube bundle) was observed [Ref. 3].
Mussalli and Gordon [Ref. 25] give a good review of the use of
roped tubes in power plant condenser operations. Their paper
points out that studies have shown the biofouling rate in
smooth and roped tubes is approximately the same for the same
water velocity. They also say that the tube enhancement may
inhibit fouling buildup beyond a certain thickness due to the
increased turbulence of the flow at the wall surface and that
the use of chlorination treatment was effective at controlling
biofouling in titanium tubes.

In summary, previous research conducted using wire-wrapped
smooth and roped tubes in bundles have shown that the effects
of condensate inundation can be significantly reduced. This
thesis research has been conducted with a view to analyzing
the enhancements in the outside heat transfer coefficient of
wire-wrapped smooth and roped tubes and to determine if there
is a relationship (with an optimum) between P/D, or F to the

heat transfer enhancement.
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III. APPARATUS AND SYSTEM INSTRUMENTATION

A. SYSTEM OVERVIEW

The apparatus used is the same as that used by Swensen
[Ref. 5]. A schematic of the overall system is shown in
Figure 3. Steam is generated from distilled water using ten
4 kW, 440 Volt Watlow immersion heaters in a 0.30m diameter
Pyrex boiler. The steam passes from the boiler section up
through a 2.13m (ID of 0.15m) straight length of Pyrex glass
piping. It is then redirected 180 degrees by two 90 degree
Pyrex glass elbows, and flows 1.52m down a straight length of
Pyrex tubing into the stainless steel test section. The
stainless steel test section contains the horizontally mounted
condenser tube as shown in Figures 3 and 4. A circular
viewing port in the test section allows the condensation
process to be observed during testing. Any excess steanm
passes through the test section and into the auxiliary
condenser unit. The auxiliary condenser is constructed of a
single copper coil mounted to a stainless steel base at the
bottom of a Pyrex glass condenser section. The condensed
water is then returned to the boiler section by a gravity
drain in the baseplate of the auxiliary condenser.

The auxiliary condenser is cooled by a continuous supply

of tap water controlled by a throttle valve and flow meter.
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Figure 3. Schematic of the Single Tube Test Apparatus
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Cooling water for the single horizontal tube is provided by a
coolant system. This closed loop system consisted of a water
sump tank, two centrifugal pumps in series, a flow control
valve, and a calibrated flow meter as shown in Figure 3.
Figure 4 shows the details of the test section and the
arrangement of all the temperature measuring devices used to
measure the temperature rise across the tube. The nylon
mixing chamber mixes the flow at the outlet to ensure the -
average temperature of the flow is measured. The coolant flow
rate through the horizontal tube can be varied to adjust the
rate of condensation on the single test tube.

The system used to remove non-condensible gases is shown
in Figure 5. The suction point is at the base of the
auxiliary condenser where non-condensible gases are most
likely to accumulate. The vacuum pump draws the air/steam
mixture through an external condensing coil, which is located
in the coolant sump tank, to condense any steam in the line.
The condensed steam collects in a plexiglas container and is
drained later. The air and other non-condensible gases are

expelled to the atmosphere.

B. SYSTEM INSTRUMENTATION

The electrical power input to the 440 V,. immersion heaters
was controlled by a panel mounted potentiometer. The power
calculation for the data acquisition system is described in

detail by Poole [Ref. 26]. System pressure was monitored by
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three different methods:

1. Setra model 204 pressure transducer.
2. System saturation temperature converted into pressure.

3. Heise solid front pressure gage (visual reading only).

The calibration for the pressure transducer and temperature
instruments is given in Swensen [Ref. 5].

The system vapor temperature was measured by both a Teflon
coated and a metal sheathed type-T copper/constantan
thermocouple located just upstream of the test tube. The
condensate return and ambient surrounding temperatures were
measured with Teflon coated type-T copper/constantan
thermocouples. The temperature rise of the coolant in the
tube being tested was measured by three separate methods:

1. A single Teflon ccated type-T copper/constantan
thermocouple.

2. A ten-junction Teflon coated type-T copper/constantan
thermopile.

3. An HP 2804A quartz crystal thermometer.

The relative positions of each of these three temperature
measuring methods are shown in Figure 4. At the outlet of the
tube, the coolant temperature is always measured after a
coolant mixing chamber to ensure a well averaged temperature
measurenent.

All the data from the system instrumentation were

processed using an HP-3497A data acquisition system controlled
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by an HP-9826A computer. The raw data were processed and
stored on computer disks. The data could then be reprocessed
using a modified Wilson plot technique to obtain an outside

heat-transfer coefficient (see section IV.C for details).

C. TUBES TESTED

There were twelve tubes fabricated for this thesis. Some
of the wire-wrapped smooth tubes were the same as used by
Brower [Ref. 8], except they were altered to fit into the
single tube apparatus used during this thesis. Listed in
Table I are all the tubes that were tested and their
associated dimensions. The tubes consisted of one smooth tube
and seven wire-wrapped smooth tubes, all made of titanium.
Three different wire diameters were used at various spacings
on the tube, providing a range of wire pitch to wire diameter
between 2 and 10. These are also 1listed in Table I.
Commercially available titanium roped tubes (Wolverine
KORODENSE LPD) were also tested, both with and without the
three different wire diameters. The wires were placed in the
corrugated grooves, giving the wires a fixed pitch. In
addition, a smooth copper tube and two of the wire-wrapped
copper tubes tested by Mitrou [Ref. 9] were tested (see Table

I).
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LISTING OF THE TUBES TESTED

Table I.
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Iv. EXPERIMENTAL PROCEDURES AND DATA REDUCTION

A. EXPERTMENTAL PROCEDURES AND OBSERVATIONS

Titanium and copper both have different wetting
characteristics with respect to water. However, to ensure
filmwise condensation, both types of tubes have been
successfully treated with a sodium hydroxide and ethyl alcohol
solution. This treatment has been used by several researchers
in the past at NPS. Each tube was prepared in the following

manners:

1. Both the inside and outside surfaces of the tube are
cleaned using a mild soap and soft bristle brush. The
tube is then rinsed first with distilled water, then with
acetone, and again with distilled water to ensure there
are no impurities on the surface of the tube. The second
rinse should wet the entire surface of the tube with no
breaks in the film. NOTE: the active surface area of the
tube should not be handled during this procedure.

2. The tube is then placed over a steam bath.

3. Equal amounts of a 50% by weight sodium hydroxide
solution and ethyl alcohol are mixed and kept warm to
ensure a watery consistency is maintained.

4. The solution is then applied to the entire surface of the
tube with a small brush every 10 minutes for one hour.
If the tube has not been previously treated, apply the
solution every 5 minutes for 20 minutes. A black oxide
layer will form on the copper tubes. A layer forms on
the titanium tubes, but they are not discolored.

5. The tube is then removed from the steam bath and rinsed
with distilled water to remove the excess alcohol/sodium
hydroxide solution. The tube should be held over the
steam bath again to ensure that the entire tube surface
wets easily as the steam condenses on it. The tube
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should then be installed into the test section
immediately afterward. Care should be taken when
installing the tube into the test apparatus so the active
surface of the tube is not disturbed.
The oxide layer that forms on the tube causes very good
wetting characteristics on the surface of the tube. The oxide
layer is very thin so it is assumed that it is negligible to
the overall thermal resistance of the tube.

When the tube has been installed, the system is started up
in accordance with the procedures given in Appendix B. Tests
on the tubes were performed with either a HEATEX insert or no
insert at all. The system is heated up to the desired
operating condition, at either vacuum or atmospheric pressure,
as outlined in the start-up procedure. The system needs to be
maintained at equilibrium for at least thirty minutes prior to
tzking any data measurements. This is to ensure that the
entire apparatus is warmed up. Data were taken at coolant
flow rates (in %) of 80, 70, 60, 50, 40, 30, and 20, and then
in steps of 10% back to 80%. Therefore, each point is checked
twice at different times in the run to ensure repeatability.
Several sample sets of data were evaluated to ensure the
temperature difference across the tube, the saturation
temperature, and the overall heat transferred were in
equilibrium for each particular flow rate before the final
data point was recorded. One data set took anywhere from ten
to twenty minutes before the system was in equilibrium so a

data set could be recorded.
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Swensen [Ref. 5] describes how difficult it is to initiate
filmwise condensation on a copper tube under vacuum pressure.
To establish good filmwise condensation for a vacuum run, the
following should be done:

1. Ensure coolant flow to the tube is secured. Then allow
the apparatus vapor temperature (channel 40) to reach

3600~-3800 microvolts.

2. Raise the auxiliary condenser flow rate to 50-60%, to
cool the vapor temperature to ~3200 microvolts.

3. Secure the flow to the auxiliary condenser, and allow the
vapor temperature to rise to 3700 - 3800 microvolts.
This forms a steam blanket around the tube.

4., Initiate cooling water flow to the single tube being
tested at a flow rate of at least 80%.

5. Restore flow to the auxiliary condenser to control vapor
temperature and pressure. Observe the single tube
through the viewing window to ensure good filmwise
condensation has been established.

6. If some dropwise condensation persists, the steps above
can be repeated. If dropwise condensation still
continues, the tube should be removed and retreated with
the ethyl alcohol and sodium hydroxide solution.

The wettablity of titanium and copper are different. It
was much easier to obtain filmwise condensation on the
titanium tubes than the copper tubes. Also, it appeared as if
it was easier to initiate filmwise condensation on the
enhanced tubes than the smooth tubes. Under vacuum conditions
(pressures =12 kPa) at low cooling water flow rates, small
patches of dropwise condensation could be seen on the bottom

of the titanium tube at fairly regular intervals. These

"dryout" patches appear to be the same as those described by
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Swensen [Ref. 5] for the copper tube, and are believed to be
caused by vortex shedding of the vapor around the tube. When
the coolant flow rate was increased above 40%, there was
enough condensate to spread out and cover the tube surface and

the "dryout" patches did not occur.

B. DATA REDUCTION PROCEDURES

The overall thermal resistance is represented by the sum
of the coolant side resistance (R;), the wall resistance (R.),
the fouling resistance (R;), and the vapor side resistance
(R.). Since only clean tubes are used, the fouling resistance

is negligible, (R,=0). Therefore,
Rtotal = R1+Rw+Ro ( 4.1 )

The coolant and vapor side resistances are convective in

nature, so they need to be related to the areas:

Ry = hilA,- (4.2)
Ro= Fa (4.3)
where:
R, = inside resistance to heat transfer (K/W)
h, = inside heat transfer coefficient (W/m’K)
A, = effective inside heat transfer area (m?)

R, = ou .side resistance to heat transfer (K/W)

outside heat transfer coefficient (W/m?K)

F
"
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A, = effective outside heat transfer area (m?)

The effective area for the inside of the tube is represented
by the entire length of the tube. The portions of the tube
that are not exposed to steam act as fins, which will remove
heat in the axial direction. The extended fin assumption and
the associated fin efficiencies are used to account for the
inlet and outlet portions of the tube. So, the effective

inside area of the tube can be represented as:

A; = RD(L+L,n,+L,N,) (4.4)
where:

D, = inside diameter of the tube (m)

L = length of tube exposed to steam, active working length
(m)

L, = length of the inlet portion of the tube (m)

L, = length of the outlet portion of the tube (m)

N, = fin efficiency of the inlet portion of the tube

1. = fin efficiency of the outlet portion of the tube

The effective outside surface area is dependent on the length
of the tube exposed to steam, the active condensation length.

The effective outside area is represented as:
A, =xDL (4.5)

The wall resistance assumes uniform radial conduction and is

represented by the following equation:
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1nf —2
R - Di (4‘6)
v 2nLk,
where:
R, = tube wall resistance (K/W)

o
°
]

outside diameter of the tube (m)

D, = inside diameter of the tube (m)

b
[ ]
]

thermal conductivity of the wall material (W/mK)

The overall thermal resistance can be related to the overall

heat transfer coefficient (U,) and the effective outside area

(A;) by:

1

Rtot!l = UDA (4.7)
(-]

where:

U, = overall heat transfer coefficient (W/m?K)

Substituting equations (4.2), (4.3), and (4.7) into (4.1)

gives:

1 1 1
= +R_+
Uvo hiAi v haAo

(4.8)

The total heat transfer rate to the single tube can be
calculated from an energy balance by using the temperature
difference of the cooling water across the tube and the mass

flow rate of the coolant through the tube:
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Q = MC,(T,-T) (4.9)

The overall heat transfer coefficient can then be calculated

from:
Q = U,A,(LMTD) (4.10)
where:
LMTD = (T,-T,)
ln[ Tut"T1] (4.11)
Toac= T
where:
Q = total heat transfer rate (W)
m = mass flow rate of the coolant (kg/s)
c, = Specific heat of coolant at constant
pressure (J/kgK)
LMTD = log mean temperature difference
T, = inlet coolant temperature (K)
T, = outlet coolant temperature (K)

Taae = vapor saturation temperature (K)

The inlet and outlet cooling water temperatures were measured
with a quartz thermometer and the saturation temperature was
measured using the vapor thermocouple (channel 40). In
addition, a correction factor was used to account for the
viscous heating of the coolant through the tube; there

correction equations are shown in Appendix A.
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Oonce the total heat transfer rate has been calculated, the
overall heat transfer coefficient can be calculated by using
equation (4.10). Now only two unknowns remain, the inside
heat transfer coefficient, h,, and the outside heat transfer
coefficient, h,. These are computed using the modified Wilson

plot technique.

C. MODIFIED WILSON PLOT TECHNIQUE

The most accurate way to obtain inside and outside heat
transfer coefficients is to measure the vapor temperature,
mean wall temperature, and the coolant temperature directly.
The coolant and vapor temperatures can be easily measured.
However, to measure the tube wall temperature an, instrumented
tube (with thermocouples embedded in the wall) must be used.
With the instrumented tube, the inside and outside heat
transfer coefficients can be calculated directly.
Unfortunately, the manufacturing of instrumented tubes is
costly and time consuming. Also, instrumented tubes would be
impractical if a large number of tubes are to be tested.

An alternative to using an instrumented tube is to solve
for both the outside and inside heat transfer coefficients
simultaneously using the modified Wilson plot technique. A
detailed outline of the technique is given by Marto [Ref. 27].

The modified Wilson plot technique relies on the fact that
the overall heat transfer coefficient can be reliably measured

from experimental data. Two forms of equations need to be
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selected for the inside and outside heat transfer
coefficients. In this thesis, the outside heat transfer
coefficient is represented by the equation of Nusselt [Ref.

10] based on AT:

1/4

3 2
h, -« kePeGheg| _ o0z (4.12)
B:D,AT,
where:
a = dimensionless Nusselt coefficient

k., = thermal conductivity of the condensate film (W/mK)

Pe density of the condensate film (kg/m?)

dynamic viscosity of the condensate film (kg/ms)

He
h,, = specific enthalpy of vaporization (J/kg)

AT, = temperature difference across the condensate film (K)

g = gravitational constant (9.81 m/s?)

We also had the option of using Fujii’s [Ref. 12] correlation,
equation (2.4), for the outside heat transfer coefficient in
the program used to evaluate the data. The inside heat
transfer coefficient can be represented by one of several
correlations. The general form for the inside heat transfer

coefficient is:
h, = Cc,Q (4.13)

where N1 varies with the particular correlation used.

Using the Sieder-Tate correlation [Ref. 6]:
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0.14
Q- f_sRexprlls(.E.s) (4.14)
Di v

where x, the exponent to the Reynolds number, can be varied in
the program evaluating the data.

Using the Sleicher-Rouse correlation [Ref. 28]:

Q= -f)—‘(5+o.0151eefpr.") (4.15)
i
where:
_ _ 0.24
c=0.88 iffﬁf:

d-= % +0.5e 08P

Using the Petukhov-Popov correlation [Ref. 29]:

Q- Xe (%FePr (4.16)

1/2
Dyl g, +K2(_‘i) (Pr2/3-1)

o

where:
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e = [1.8210og(Re)-1.64]"2

K, =1+3.4e

Wl

K, =11.7+1.8Pr

Substituting equations (4.12) and (4.13) into eqguation (4.8)

gives the following:

1 AZ 1
[U, Ry °]z C;QA4, « (4-17)
Letting:
Y=[-1—— A]Z (4.18)
Uo wero
and
A,Z
X = ° 4.19
30 (4.19)
a simplified linear equation results:
Y=mX+b (4.20)
where
1
m z;; (4.21)
and
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=1
b= (4.22)

the parameters 1 and Z are temperature dependent, so an
iterative procedure must be used to solve the equation. A
least squares fit of equation (4.17) is used to determine C,
and a. The inside heat transfer coefficient can then be
determined using equation (4.13). Since h, and U, are both
known, the outside heat transfer coefficient can be solved
using equation (4.8).

It should be noted that the accuracy of the modified
Wilson plot technique is dependent on the number of data
points evaluated, as well as the range of flow rates used.
The current computer system does not allow different run files
to be combined to evaluate a tube. Each file has to be
processed separately. This leads to scatter between the data
runs for the values of a and C, between runs for the same

types of tube.

D. ENHANCEMENT RATIO

From Nusselt theory, it can be shown that:

g=alAT? (4.23)

where:

)

1/4
= a kf3 pfz ghf!]
""t‘Do

q = the heat flux based on the outside area (W/m*)
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AT,= the temperature drop across the condensate film (K)

We also know that the heat flux can be represented by:

qg=h,AT,

(4.24)

So, the outside heat transfer coefficient can be represented

by:

h, = aATf?

(4.25)

From Nusselt theory, n = 0.75, so the enhancement ratio,

based on a constant temperature drop across the

film, can be expressed as:

where the subscripts of e and s refer to enhanced

tubes respectively.
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V. RESULTS AND DISCUSSION

A. INSIDE HEAT TRANSFER CORRELATION

Previous to this thesis, Swensen [Ref. 5] gave a
discussion of how the inside heat transfer coefficient has
been found at NPS. He used an instrumented tube to collect
data at atmospheric pressure and empirically derived two
variants of the Sieder-Tate correlation to express the inside
heat transfer coefficient for a medium size copper tube (D, =
12.7 mm). These correlations were represented as:

Using a HEATEX insert:

0.14
Nu = 0.22 Re®¢® pri/3 (Lc-) (5.1)

Bw

Using No insert:

0.14
Nu = 0.013 Re®®° Pr1/3(-‘-"—") (5.2)

w

Swensen developed the new correlations because it was thought
that the inlet arrangement (a 90 degree bend just prior to the
inlet of the tube) was affecting the correlation used to solve
for the outside heat transfer ccefficient. Aalmost all of
Swensen’s data were taken at atmospheric pressure using a
HEATEX insert. When this thesis effort started, equations

(5.1) and (5.2) were used to evaluate the inside heat transfer
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coefficient. These two new correlations should provide
comparable results for the outside heat transfer coefficient
to those obtained by Swensen [Ref. 5]. The tubes studied in
this thesis have a different inside diameter (13.86 mm) and
are made from titanium and not copper.

Figures 6 and 7 show the values of the ou.side heat
transfer coefficient for both the titanium and copper tubes at
atmospheric and vacuum pressures using equations (5.1) and
(5.2) in the data reduction scheme. At atmospheric pressure,
Figure 6 shows Swensen’s equations work well for the copper
tubes; however, the results for the titanium tubes do not
agree with Swensen’s data well at all. In fact, a reduction
of the outside heat transfer coefficient is shown for the
HEATEX insert data as the temperature difference across the
condensate film decreases, which is contrary to what was
expected. At vacuum pressure, Swensen’s equations show that
the outside heat transfer coefficient curve is flatter than
what is given by the instrumented copper tube data; also, the
data shows much more scatter. There are several reasons this
may have occurred. The first is that the leading coefficients
for both correlations are fixed, so a change in the geometry
(diameter) may have affected the results using these
correlations. Consequently, the leading coefficient was left
to ‘float’ to try and account for these differences. When the
data were then reprocessed, the coefficient dropped by 30% for

the HEATEX insert data. This drop in the leading coefficient
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was much larger than expected, bringing into question the
validity of Swensen’s correlations for the titanium tube data.
The other significant difference between the titanium tube
data and the copper tube data is the range of AT,,which is
much lower for the titanium tube. The copper tube with the
HEATEX insert had higher AT, values for similar coolant flow
rates. Swensen produced his correlations for the range of AT,
covered by his data. They do not seem to perform well outside
this range as seen in Figures 6 and 7. Therefore, it appears
as if the data reduction scheme recommended by Swensen should
not be used for the titanium tubes.

In an effort to correct the problem, other inside heat
transfer correlations were considered. The Argonne National
Laboratory (ANL) [Ref. 31] conducted a thorough assessment of
several different inside heat transfer correlations for low
temperature turbulent water flows to determine which
correlation was the most accurate. The conclusions of the ANL
study were that the Petukhov-Popov [Ref. 30] and Sleicher-
Rouse [Ref. 29] correlations were the most accurate (* 5%) in
predicting the inside heat transfer coefficient, over a range
of Pr=6.0 to 11.6. Both the Petukhov-Popov and Sleicher-Rouse
correlations are given in Chapter 1V.C and are based on having
a long straight inlet section prior to the test section.
Swensen identified these correlations as the most accurate but

he felt that he could not use them because of the sharp bend
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in the inlet flow arrangement for the test apparatus as
previously mentioned.

Both Petukhov-Popov and Sleicher-Rouse correlations were
then used except that a floating leading coefficient was
inserted to account for the different inlet to the test
section, as shown in equations (4.13), (4.15), and (4.16).
Figure 8 presents the same data shown in Figure 6 for
atmospheric pressure, except they have been reprocessed using
the Petukhov-Popov correlation for the inside heat transfer
coefficient. It can be seen that the agreement between the
titanium and copper tubes is much better in this case.
Furthermore, the agreement with the instrumented tube data is
much better, consistently within + 7%. Uncertainty bands are
shown on this figure, and the scatter is well within the
predicted uncertainty. In the same way, Figure 9 shows the
same data as in Figure 7 at vacuum pressure, except the data
have been reprocessed using the Petukhov-Popov correlation for
the inside heat transfer coefficient. Again the results show
that the titanium and copper tube déta compare much better
with the instrumented tube data. Again the scatter is within
the uncertainty of the data. Figure 10 compares the use of
the Petukhov-Popov and Sleicher-Rouse correlations and it
shows similar results are obtained when the Sleicher-Rouse
correlation is used in evaluating the inside heat transfer

coefficient. The ANL [Ref. 31] paper said:
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It is tempting to follow the "old technology" and utilize
n = 0.80 as the Reynolds number exponent, in accordance
with the popular Dittus-Boelter and Siedesr-Tate
correlations. However, more recent correlations, such as
Petukhov-Popov and Sleicher-Rouse, have been shown to
exhibit much better agreement with the most carefully
obtained experimental data ... In the Pr and Re ranges of
interest ... these correlations yield "effective" Reynolds
number exponents in the neighborhood of n = 0.85. Thus it
was decided to employ n = 0.85 in the Wilson plot
procedure to generate nominal values of h,.

With this information, the Sieder-Tate equation was then
evaluated using an exponent of 0.85 for the Reynolds number
and again floating the leading coefficient. Figure 11 shows
the results for the outside heat transfer coefficient when
using the Sieder-Tate correlation (with Re®*®) and the
Petukhov-Popov correlation for determining the inside heat
transfer coefficient. The results show that there is very
little difference between using these two quite different
correlations for the inside heat transfer coefficient, giving
confidence in the data reduction technique for the titanium

tubes.

B. ANALYSIS OF THE SMOOTH TUBE RESULTS

A series of runs were made using a smooth titanium tube to
get some baseline data for comparison with the enhanced wire-
wrapped titanium tubes. A smooth medium sized copper tube was
also tested to compare with the results of previous
researchers at NPS. A HEATEX insert was used to boost the
values of the inside heat transfer coefficient and thereby

improve the measured accuracy of the outside heat transfer
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coefficient.

1. Overall Heat Transfer Coefficient

Figures 12 through 15 show the overall heat transfer
coefficient values for each atmospheric and vacuum pressure
run done on the smooth titanium and copper tube. The shape of
the curve is related to the coolant flow rate through the
tube; as the flow rate increases the overall heat transfer
coefficient increases due to improved coolant mixing. It is
obvious that in every case, the overall heat transfer
coefficient is higher for the copper tube (®18% for the HEATEX
insert data and =14% for the no insert data at a coolant flow
rate of 2.5 m/s). Most of this increase in the overall heat
transfer coefficient is due to the much smaller wall
resistance (approximately a factor of 6) associated with the
copper tube. Figures 12 through 15 also show excellent
repeatability of the data. The effect of using a Heatex
insert can be seen in Figure 16, which shows values of U,
averaged for all the data taken. The HEATEX insert gives a
significant enhancement in the overall heat transfer
coefficient of around 20% for a coolant flow rate of 2.25 m/s.
The vapor shear forces also effect the overall heat transfer
coefficient (U,). It can be seen that U, is higher for the
vacuum runs (U. ® 2 m/s) than the atmospheric runs (U. ® 1 m/s)
because of the higher vapor shear effect. However, this vapor

shear effect is small (<5%) when compared to the effect that
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the insert has at the same coolant velocity.

2. Outside Heat Transfer Coefficient

The outside heat transfer coefficient is determined using
the Nusselt [Ref. 10] equation based on AT,, equation (4.12).
Figures 17 and 18 show the outside heat transfer coefficient
versus the temperature difference across the condensate film
for all the smooth titanium tube data. Several previous
researcher’s smooth copper tube data have also been
reprocessed using the Petukhov-Popov correlation and plotted
in the figures. For atmospheric pressure, there is good
agreement for all the copper tube data between all the
researchers. The titanium tube data, however, tends to fall
below the copper tube data, agreeing more closely with Nusselt
theory. The reason for the two Nusselt theory lines in each
figure is due to the different diameters for the copper and
titanium tubes. The vacuum data (Figure 17) shows the same
lower values for the titanium tube. The reason for the large
scatter 1is probably due to the much smaller coolant
temperature rise in the case of the titanium tube, making the
data less accurate.

In order to compare the outside heat transfer coefficient
of the smooth tube to each of the enhanced tubes, the Nusselt
coefficient, a, needs to be determined under similar
conditions for each tube. A summary of the results for the

data reduction analysis for the leading coefficients (C;)
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Table II.

WORK)

[

Atmospheric Pressure HEATEX Insert

SMOOTH TITANIUM TUBE WITH A HEATEX INSERT (PRESENT

Petukhov-Popov

Sieder-Tate (Re"*®)

Data Run

FONMAHT1

Cy

2.372

a

0.780

C,

0.038

Q

0.787

| ronmant2 2.383 0.774 0.038 0.780 |
FONMAHT?3 2.392 0.755 0.038 0.761
FONMAHT4 2.410 0.748 0.038 0.753
FONMAHTS5 2.201 0.770 0.035 0.777

i FONMAHTS 2.541 0.776 0.040 0.781

" FONMAHT?7 2.511 0.793 0.040 0.799

| Atm. Avg. 2.401 0.776 0.038 0.777

| Vacuum Pressure HEATEX Insert l

FONMVHT3 2.547 0.748 0.043 0.748
FONMVHT4 2.278 0.790 0.038 0.791
| FONMVHT5 2.422 0.763 0.041 0.763
h Vac. Avg. 2.416 0.767 0.041 0.767
L_Total Avgs. 2.406 0.039 0.774

_0.770

using the Petukhov-Popov and Sieder-Tate (Re'®*®*) correlations,

and the Nusselt coefficients (a) for the smooth titanium and

copper tubes are presented in Tables II through VI.
printouts for all the data runs are given in Appendix D.
researcher initials are as follows:

(M)=Mitrou [Ref.

91,

(V)= Van Petten [Ref. 4].

(0)=0’Keefe,

(S)=Swensen [Ref.

The

The

(G)=Guttendorf [Ref. 32],

5], and

When using the modified Wilson plot technique to reprocess

the data, the leading coefficient for the inside heat transfer
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Table III. SMOOTH TITANIUM TUBE WITH NO INSERT (PRESENT WORK)

— -
Atmospheric Pressure No Insert
Petukhov-Popov Sieder-Tate (Re'®®) )
Data Run C, a C, a
FONMANT1 1.211 0.750 0.019 0.765
FONMANT?2 1.185 0.760 0.018 0.776
FONMANT?3 1.169 0.765 0.018 0.777
FONMANT4 1.181 0.765 0.018 0.778
FONMANTS 1.237 0.786 0.019 0.801
Avgs. 1.197 0.765 0.018 0.779
= — ———
Vacuum Pressure No Insert
FONMVNT2
FONMVNT?3 1.078 0.788 0.018 0.789
FONMVNT4 1.075 0.846 0.018 0.847
{ FONMVNTS 1.113 0.827 0.019 0.829
” NI Avgs. 1.089 0.821 0.018 0.822
Total Avgs. 1.149 0.790 0.018 0.798

correlation can either be set with a user supplied value or
left to "float", allowing the program to solve for the ’‘best’
value of the coefficient itself as described in Chapter 4.
Theoretically, if the leading coefficient is allowed to float,
the coefficient should be about the same for all tubes with
the same inner diameter. The tables show that the HEATEX
inert enhances the inside heat transfer coefficient by a
factor of around 2.5. Swensen [Ref. 5] and Micheal et al.

{Ref. 33], show that as the vapor velocity across the tube
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increases, the value of a increases because of the thinning of
the film caused by the vapor shear. In Tables II through VI
there is a general trend that the value of a increases between
atmospheric (U, ® 1.0 m/s) and vacuum (U, = 2.0 m/s) runs.

Table IV. SMOOTH COPPER TUBE WITH A HEATEX INSERT

Atmospheric Pressure HEATEX Insert
Petukhov-Popov Sieder-Tate (Re'*®)
Data Run/Researcher C; a Cs Qa
FONMAHC1 (0) 2.809 0.832 0.044 0.835
FNMAVSH4 (S) 3.187 0.819 0.051 0.823
FNMAVSH8 (S) 3.083 0.824 0.049 0.830
FSOMASH3 (S) 3.031 0..818 0.048 0.826
_w__”ézglﬁéygs.__r 3.028 ===2é923 0.048 0.828
. Vacuum PressurevHEATEX Insert _
| FONMVHC1 (O) 2.482 9;§3§A7 0.042 0.838 |
rﬁ Total Avgs. 2.918 0.826 0.047 0.830
—

When the titanium tube is compared to the copper tube, the
value of a for the titanium tube is significantly less tha
n the a for the copper tube at the same vapor velocity. The
value of a could be affected (between titanium and copper) by
the difference in temperature profiles at the surface of the
tube caused by the different material thermal conductivities.
The copper tube will exhibit a much more uniform temperature
profiie around the tube than the titanium tube. This will

affect the properties of the condensate film covering the
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Table V.

SMOOTH COPPER TUBE WITH A WIRE WRAP INSERT

. E—

= == — =
Atmospheric Pressure Wire Wrap Insert ]
Petukhov-Popov Sieder-Tate (Re-*®)
Data Run/Researcher C, a C a
SMTHSTA654 (V) 2.653 0.875 0.042 0.883
S001S1A3 (G) 2,722 0.855 0.043 0.862
S550A213 (M) 2.335 0.850 0.036 0.858
S50A220 (M) 2.272 0.834 0.035 0.841
Atm. Avgs. 2.495 0.853 0.039 0.861 .

e
f—

Vacuum Pressure Wire Wrap Insert
M1STV103 (V) 2.607 0.827 0.044 0.827
S001S51V3 (G) 2.538 0.818 0.043 0.820
S500181Vv4 (G) 2.575 0.823 0.043 0.825
S500181V5 (G) 2.644 0.81F% 0.044 0.817
s50vi1s8l (M) 2.102 0.856 0.035 0.858 n
| 550V184 (M) 2.142
I Vac. Avgs. 2.435
“ Total Avgs. 2.459 0.835 0.040 0.839

tube, which in turn affect the values of a. Another reason
could be the fact that it was much easier to get filmwise
condensation on the titanium than on the copper tube,
different

presumably because of the surface wettablity

characteristics of titanium and copper with water. This could
lead to differences in the condensate film and even some

dropwise condensation in the case of the copper tube.
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Table VI. SMOOTH COPPER TUBE WITH NO INSERT

[ = =
Atmospneric Pressure No Insert
Petukhov-Popov Sieder-Tate (Re'*®)
Data Run/Researcher C; Qa C: a
FONMANC1 (0) 1.265 0.816 0.019 0.828
FSONMASN1 (S) 1.355 0.833 0.021 0.847 u
5001s0Aaz2 (G) 1.347 0.858 0.021 0.875
Atm. Avgs. 1.322 0.836
Vacuum Pressure No Insert
FONMVNC1 (0) 1.085 0.866 0.018 0.867
ﬂ 5001S0V2 (G) 1.056 0.904 0.017 0.909
" S001S0V3 (G) 1.147 0.872 0.019 0.876
S50V177 (M) 0.970 0.774 0.016 0.858
Vac. Avgs. 1.064 0.854 0.018 0.85;—_]
uﬁ Total Avgs. 1.175 0.846 0.019 0.84144“

C. ANALYSIS OF THE WIRE-WRAPPED SMOOTH TUBES

The seven wire-wrapped titanium smooth tubes fabricated
for this thesis and two of the wire-wrapped copper tubes used
by Mitrou [Ref. 9] were tested under vacuum and atmospheric
conditions to find the enhancement compared to a smooth tube
for a constant temperature drop across the condensate film.
Previous research done in this area has tried to find the
optimum relationship between this enhancement and the wire
pitch, wire diameter, and the fraction of tube covered by
wire.

The overall heat transfer coefficients are similar to the

smooth tube curves except that any enhancement due to the wire
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can be seen directly on this curve. The same effects caused
by the insert and vapor shear (as mentioned previously) also
apply to the wire-wrapped tubes. Figure 19 shows the overall
heat transfer coefficient for tubes 4-7 at atmospheric
pressure with a HEATEX insert. All other U, data for the rest
of the runs are listed in Appendix D.

Figure 20 shows how the outside heat transfer coefficients
for tubes 6 and 7 compare with the smooth titanium tube at
atmospheric pressure. Tubes 6 and 7 were the only wire-
wrapped titanium tubes to show significant enhancement. Both
of these tubes were wrapped with a 0.5 mm diameter® wire with
pitches of 4 mm (P/D, = 7.92) and 2 mm (P/D, = 4.02)
respectively. Tube 6 showed enhancements between 23% and 30%
for vacuum and atmospheric pressure respectively. Figures 21
and 22 show the outside heat transfer coefficient data for
tubes 1 through 5. Tube 3 was the only tube to show a
degradation in performance as compared to the smooth titanium
tube. It had a 1.6 mm wire with a pitch of 3.40 mm (P/D, =
2.13); the poor performance of this tube is attributed to the
effects of condensate retention between the wires on the
tube,which were clearly seen. The performance of tubes 1 and
2 were similar to the plain smooth tube. Tubes 4 and 5 showed
an enhancement ot about 10% over the smooth titanium tube.
Tables VII through XI show the results from the data reduction
scheme for C, and a for each data run. The leading

coefficients in front of the inside heat transfer correlation
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Table VII.
INSERT

[

WIRE-WRAPPED SMOOTH TITANIUM TUBES WITH A HEATEX

tmospheric Pressure HEATEX Insert

Data Run / Tube

FONMAH1T1 (1) 2.023 0.798 1.035
FONMAH2T3 (2) 2.448 0.806 1.046
FONMAH3T1 (3) 2.138 0.724 0.902
FONMAH4T1 (4) 2.379 0.853 1.106
FONMAHST1 (5) 2.251 0.869 1.127 “
FONMAH6T2 (6) 2.389 0.993 1.289
FONMAH6T3 (6) 2.362 1.005 1.304
FONMAH7T1 (7) 2.237 0.925 1.200

Atm. Avg. 2.301
—— —
ﬂ Vacuum Pressure HEATEX Insert “

FONMVHIT1 (1) 1.892 0.802 1.045
FONMVH2T1 (2) 2.005 0.797 1.038
FONMVH2T2 (2) 1.948 0.787 1.026
FONMVH2T3  (2) 2.240 0.766 0.999
FONMVH3T2  (3) 1.866 0.618 0.714
FONMVHAT1 (4) 2.081 0.821 1.071
FONMVHST1  (5) 2.014 0.842 1.097
|  ronmvheT1 (6) 2.160 0.950 1.238
FONMVH6T2 (6) 2.214 0.946 1.233
FONMVH7T2 (7) 1.956 0.855 1.115
vVac. Avg. 1.967
Total Avg. 2.115 -

are consistent with the smooth tube data, as expected.

The copper tubes used by Mitrou [Ref. 9], tubes 68 and 71,

were tested to check the repeatability of Mitrou’s data.
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Table VIII.

WIRE-WRAPPED SMOOTH TITANIUM TUBES WITH NO INSERT

-
——

Atmospheric Pressure No Insert

Data Run / Tube C, a E,

FONMAN1T1 (1) 1.131 0.783 1.022
FONMAN2T1 (2) 1.095 0.801 1.047
FONMAN3T1 (3) 1.034 0.698 0.888
FONMAN4T1 (4) 1.377 0.791 1.034
FONMANST1 (5) 1.099 0.837 1.093
FONMAN6T1 (6) 1.120 1.019 1.331
FONMAN7T1 (7) 1.191 0.866 1.131

Atm. Avg. 1.150

Vacuum Pressure No Insert

FONMVN1T1 (1) 1.024 0.838 1.021

FONMVN2T1 (2) 0.998 0.818 0.997
FONMVN3T1 (3) 0.911 0.636 0.702
FONMAN4AT1 (4) 1.139 0.825 1.005
FONMANST1 (5) 0.978 0.843 1.027
FONMAN6T1 (6) 1.043 1.013 1.235
{ FONMVN7T1 (7) | 0.978 0.870 1.060
l[ vac. Avg. I 1.010
" Total_Avg. 1.080

discussed earlier,

condensation over the entire tube.

it was difficult to get good filmwise

The enhancements found

were higher than those given by Mitrou’s data (reprocessed

using the Petukhov-Popov correlation) for tubes 68 and 71; for

tube 68,

differences of 10%

and 17%

and for tube 71,

differences of 45% and 6% for atmospheric and vacuum pressures
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Table IX.

WIRE-WRAPPED SMOOTH COPPER TUBES WITH 2 HEATEX

INSERT
W=== Atmospheric Pressure HEATEX Insert
Data Run C, a E,
FONMAH68C1 2.807 1.316 1.719
FONMAH71C1 3.069 1.722 2.192
L Atm. Avg. | 2.938
| Vacuum Pressure HEATEX Insert

FONMVH68C1 2.549 1.289 1.570
FONMVH71C2 2.765 1.414 1.560
Vac. Avg. 2.657
Total Avg. 2.797

respectively. This increase in enhancement could have been

due to small patches of dropwise condensation on the surface
of the tubes, although it was difficult to see during the
experiments due to condensate on the window. Figure 23 shows
the comparison of tubes 6 and 71 to a smooth titanium tube.
Tubes 6 and 71 have similar pitches and the same wire diameter
and should, in theory, give similar values for the outside
heat transfer coefficient. However, the enhancement given by
the wire-wrapped copper tube (tube 71) is significantly higher
(®#35%) than the enhancement given by the wire-wrapped titanium
tube (tube 6). This trend tends to reiterate the idea that

tube surface wettablity characteristics or tube thermal

conductivity may affect the outside heat transfer coefficient.
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Table X. WIRE-WRAPPED SMOOTH COPPER TUBES WITH A WIRE WRAP

INSERT
" Atmospheric Pressure Wire Wrap Insert “
Data Run/Researcher C, a E, |
S68A311 (M) 2.686 1.360 1.616
S71A305 (M) 2.685 1.489 1.769
S71A314 (M) 2.692 1.473 1.749
Atm. Avg. 2.688 |
Vacuum Pressure Wire Wrap Insert
568V283 (M) 2.452 1.182 1.401
S68V293 (M) 2.485 1.166 1.382
L S71V296 (M) 2.503 1.267 1.501
“ vVac. Avg. 2.480
" Total Avg. 2.584

In order to see the relationship between the wire pitch,
wire diameter and the enhancement, the values of enhancement
versus the wire pitch to wire diameter ratio are plotted in
Figure 24. Also shown are the newly reprocessed data (using
the Petukhov-Popov correlation) from Mitrou {Ref. 9], and the
data presented by Sethumadhavan and Rao [Ref. 15]. Even
though the experiments were conducted very carefully, the
titanium tube data tends to show the most scatter. The data
of Sethumadhavan and Rao [Ref. 15] and Mitrou [Ref. 9]
demonstrate a maximum enhancement at a P/D, of about 5. The
present data do not show such a clear maximum and tube 6 (P/D,
= 7.96) does not appear to be in line with the data of

Sethumadhavan and Rao or Mitrou. Extra experiments were done
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on tube 6 to check the repeatability with essentially the same
results. It would appear that P/D, is not such a good
correlating parameter.

Instead of looking at the P/D, ratio, the enhancement can
also be compared to the percentage of the tube surface that is
covered by the wire, F. In the research done by
Sethumadhavan and Rao [Ref. 15], the optimal coverage of a
tube was found to be 21%. The fractional wire coverage values
were determined for the present titanium and copper wire-
wrapped tubes. Figure 25 shows the enhancement versus the
fraction of the tube covered by wire. The value of 21% for
the optimal value cf F does not seem to hold for the data in
this thesis or for the data of Mitrou. However, this does
seem to be a better correlating parameter than P/D,, and the
maximum value of the fractional tube coverage seems to lie
somewhere between 10% and 30%. The optimal value of F for the
copper tube used by Mitrou and the titanium tube appear to be
different and there is a definite increase in F as the tube
material thermal conductivity increases. Unfortunately, the
material of the tube used by Sethumadhavan and Rao [Ref. 15])
is not given, although the data would suggest some
intermediate conductivity material such as aluminum. Indeed,
in another paper by Mehta and Rao [Ref. 22] aluminum tubes

were used.
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D. ANALYSIS OF THE ROPED AND WIRE-WRAPPED ROPED TITANIUM

TUBES

Four different roped tubes were tested. Ore tube was a
plain LPD KORODENSE titanium tube that was used to get
baseline data for comparing to the plain smooth titanium tube
and to the wire-wrapped LPD KORODENSE titanium tubes. The
values of the overall heat transfer coefficient are much
higher (=20%) for the LPD KORODENSE tubes when compared to the
plain smooth titanium tube. The reason for the increase in
the overall heat transfer coefficient is mainly because of the
corrugation of the LPD tube on the inside which increases the
turbulence of the coolant flow, thereby reducing the inside
thermal resistance.

Tables 12 and 13 give the results of the data reduction
procedure of all the roped tubes in comparison with the
smooth titanium tube. The plain LPD tube consistently gave
enhancements of about 20% in the outside heat transfer
coefficient, as seen in Figure 26. The wire-wrap was put on
the rored tube to try and get an additional enhancement on the
outside of the tube. By looking at Tables 12 and 13, the only
wire-wrapped LPD tube that showed any enhancement over the
plain LPD tube was tube L3 (D,= 0.5 mm). Figure 27 shows the
outside heat transfer coefficients for the three wire-wrapped
LPD tubes. The wire-wrapped LPD tubes were also checked to
see if there was any relation between P/D, or F and the

enhancement over a plain LPD tube (h,/h,,). Figures 28 and 29
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Table XI. LPD KORODENSE TUBES WITH A HEATEX INSERT

u Atmospheric Pressure HEATEX Insert "
Data Run / Tube C, a E, “
FONMAHLT2 (L) 2.903 0.903 1.171
FONMAHLT3 (L) 2.892 0.916 1.188
FONMAHL1T1 (L1) 2.667 0.890 1.154
FONMAHL2T1 (L2) 2.639 0.909 1.179
H FONMAHL3T1 (L3) 2.835 0.968 1.256
Atm. Avg. 2.787
Vacuum Pressure HEATEX Insert
FONMVHLT1 (L) 2.717 0.945 1.232
FONMVHLTZ2 (L) 2.669 0.950 1.238
FONMVHL1T2 (L1) 2.317 0.880 1.147
FONMVHL2T3 (L2) 2.426 0.890 1.161
FONMVHL3T2 (L3) 2.609 0.995 1.297
- ] =
Vac. Avg. 2.548
“ Total Avg. 2.667

show respectively the relationship between P/D, and F to the
enhancement over the plain LPD tube. Since the pitch here is
fixed, Figure 28 indicates that there may be further
enhancement possible if a smaller diameter wire 1is used.
Figure 29 suggests there may be an optimal fractional coverage
of the tube between 0 and 0.07. Based on the results from the
wire-wrapped smooth titanium tubes, the maximum enhancement
seen was about 30%; for the plain LPD tube over the plain

smooth titanium tube the enhancement was about 20%.
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Table XII. LPD KORODENSE TUBES WITH NO INSERT

ﬂ Atmospheric Pressure No Insert "

Data Run / Tube
FONMANLT?2 (L) 2.056
FONMANLT3 (L) 1.993 0.941 1.230 "
FONMANL1T1 (L1) 2.036 0.869 1.135
FONMANL2T1 (L2) 2.057 0.890 1.163
FONMANL3T1 (L3) 2.202 0.933 1.219 H

Atm. Avg. 2.069 _

Vacuum Pressure No Insert
FONMVNLT?2 (L) 1.869 0.953 l1.161
FONMVNLT3 (L) 1.862 0.956 1.165
FONMVNL1T2 (L1) 1.784 0.855 1.041
FONMVNL2T3 (L2) 1.839 0.869 1.059
{ FONMVNL3T2 (L3) 2.041 1 0.942 1.148
Vac. Avg. 1.879 r
Total Avg.= 1.974

Therefore, the maximum additional enhancement expected from
wire-wrapping the LPD tube with a smaller diameter wire would
be about 10%.

One reason the larger diameter wires did not improve the
outside enhancement of the LPD tubes is that there was more
condensate retained between the wires than with the plain LPD
tube. This additional condensate causes a thicker condensate
film across the lower portion of the tube, resulting in less

overall heat transfer. The smallest wire (0.5 mm) fitted into
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the groove of the roped tube more closely, so that the amount
of condensate retained was about the same as for a plain LPD
tube. Since there was no additional condensate retention, the
wire was better able to draw the condensate film to the
groove. The larger pressure differential leads to greater
thinning of the condensate film and thus a reduction in the
vapor side thermal resistance.

In summary, the maximum enhancement in the outside heat -
transfer coefficient realized for a wire-wrapped smooth
titanium tube was =30% with a P/D, = 7.96. A plain LPD
KORODENSE tube showed consistent enhancements of =20% in the
outside heat transfer coefficient when compared to a smooth
tube. There only seems to be a minimal gain in wire-wrapping
an LPD tube to further improve the outside heat transfer
coefficient. However, one benefit to wire-wrapping an LPD
tube would be to reduce the effects of condensate inundation

in a bundle arrangement.
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A.

B.

1.

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The Petukhov-Popov inside heat transfer coefficient
correlation can be used to give accurate results in this
test apparatus.

Enhancements in the outside heat transfer coefficient of
up to 30% were obtained using a wire-wrapped titanium
tube, when compared to the smooth titanium tube. (P/D, =
7.92)

An optimal value of the fractional wire coverage of the
tube of between 10% and 30% was found.

For an LPD KORODENSE titanium roped tube, an enhancement
in the outside heat transfer coefficient of up to 20%
over the smooth titanium tube was obtained. Usirg a
wire-wrap on the LPD KORODENSE tube showed little further
enhancement.

The surface wettability characteristics and perhaps the
thermal conductivity of the tube material seems to have
an influence on the outside heat transfer coefficient and
possibly the optimal fractional wire coverage.

RECOMMENDATIONS

A set of tubes should be fabricated of different
materials with fractional wire coverage of the tube in
the range of 0.1 to 0.3, using different wire diameters
and pitches.

Determine the effect of vapor velocity and inundation
effects on the titanium wire-wrapped tubes. Use the
Fujii [Ref. 12] correlation for the outside heat transfer
coefficient when reprocessing the data.

Fabricate several more wire-wrapped LPD KORODENSE tubes

using thinner wire diameters (0.1 mm, 0.2 mm, and 0.3
mm). To determine if there is a significant increase in
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4.

the enhancement of the outside heat transfer coefficient
and an optimal value for the fractional wire coverage of
the tube.

Reprocess the data sets using all the data for a given
configuration (i.e. pressure, insert used, etc...) to
determine more accurate values of C, and «a.

Conduct bundle tests to see if condensate inundation is
reduced with wire-wrapped smooth and roped tubes.
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APPENDIX A. SYSTEM CORRECTIONS

A. FRICTIONAL TEMPERATURE CORRECTIONS

When the coolant flows through the tube there is a
temperature rise in the bulk fluid due to frictional heating.
The amount of heating is dependent on the fluid velocity and
the inside geometry of the tube. The actual temperature is
small, but it can have a significant effect on the calculation
for the overall heat transfer coefficient. The titanium tubes
had a smaller temperature rise across the tube than the copper
tubes, so the effect of the frictional heating is much
greater. Measurements were made for the smooth titanium tube
on August 7, 1992 and August 14, 1992 for the LPD KORODENSE
titanium tube. The data is plotted in Figures A.1 and A.2.
Runs were conducted with and without the HEATEX insert. The
data was curve fitted to a third order polynomial as shown in

Table A.1.
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Table A.1 FRICTION TEMPERATURE RISE EQUATIONS

Tube/Insert Type

Smooth/None

Smooth/HEATEX

LPD/None

LPD/HEATEX

where: T, e
v

Tz.lle =

Tzise

Trise

Trise

Polynomial Equation

-8.843x107°V? +1.799x107°V?
-7.526%X107*V -4.617x107°

-3.305%x107°V? +2.122x107*V?
+9.737x107*V +2.091x107*

4.133x107°V® +6.013x107*V?
+1.880x10°*V -3.386x107*

-2.781x107°V® +1.893x10 *V?

+9.202x10°*V +2.089x107*

= temperature rise (°K)

= fluid velocity (m/s)
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A.

APPENDIX B. SYSTEM STARTUP AND SHUTDOWN PROCEDURES

SYSTEM STARTUP PROCEDURE

When preparing the system for taking data the following

should be done:

1.

Ensure the boiler section of the system is filled with
distilled water, approximately 4 to 6 inches above the
heaters. To fill the boiler a hose is attached between
the distilled water tank and the boiler fill/drain valve.
Ensure the vent valve by the auxiliary condenser is open
prior to gravity filling the boiler. The boiler can be
drained by ensuring the hose is removed from the boiler
fill/drain valve. Then open the fill/drain valve and let
the water drain to the bilge area below the boiler.

If the boiler has the appropriate water level then ensure
the vent valve and fill/drain valve are shut.

Energize the data acquisition system, computer, and
printer. Load the software program DRPOK and check for
proper operation. Before starting any heaters check all
thermocouples to ensure they are reading anmbient
temperature.

Open the fill valve to the coolant sump tank and set the
flow rate such that the drain box does not overflow. (the
valve is located to the left of the boiler heater control
panel.)

Turn on the cooling water supply pumps and set the flow
rate between 40% to 60% and check for leaks in the test
section. Secure the flow and coolant supply pumps.

Open the valve supplying water to the auxiliary condenser
unit and adjust the flow rate to at least 30% and check
for leaks in the system. When the leak check is complete
reset the flow rate as desired but at least greater than
10%.

CAUTION: prior to energizing any heaters ensure that the

system is under a vacuun. To draw a vacuum on the
system, ensure the drain valve on the plexiglas container
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is shut. Check that there is flow to the sump tank, then
energize the vacuum pump and open the suction valve
located on the side of the auxiliary condenser. Allow
the vacuum pump to run until the system pressure is below
3 psia, then shut the suction valve and secure the vacuum

pump.

8. The heaters may be energized if the system is confirmed
to be under vacuum conditions. To energize the heaters
three switches must be placed in the "ON" position. The
first switch is located on power panel p5, switch #3, in
the main hallway adjacent to H-106. The second switch,
the heater load bank circuit breaker, is located on the
left side of the boiler heater control panel. The final
switch, the condensing rig boiler power switch, is
located on the front of the koiler heater control panel.
When the heaters are energized, the power level should be
set at 50 volts (40 volts if the system is below 2 psia
to limit the vibrational snock to the system from vapor
bubble formation). As the system warms up, the power can
be increased at 10 volt increments until the desired
setting is reached.

9. As the system warms up and the system pressure rises
above 4 psia, then the non-condensible gases need to be
flushed out of the system by drawing a vacuum on the
system following step 7. To ensure the non-condensible
gases collect at the base of the auxiliary condenser,
coolant flow should remain secured and the flow rate to
the auxiliary condenser adjusted until all the gases have
been purged from the system. When the auxiliary
condenser is warm to the touch everywhere, this is an
indication that steam is filling the entire condenser and
little or no non-condensible gases remain. To initially
purge the system of non-condensible gases may take
between 15 and 30 minutes. The process should be done
every few hours if extended operation of the system is
required.

10.

To ensure that filmwise condensation is established
on the tube being tested, the following should be
done:

Allow the apparatus ¢to warm up to a vapor
temperature of at least 3800 microvolts.

Raise the auxiliary coolant flow rate to 50% or 60%

to cool the vapor temperature to approximately 3200
microvolts.
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c. Secure coolant flow to the auxiliary condenser and
allow the vapor temperature to rise to about 3700
microvolts. This forms a steam blanket over the
tube.

d. Initiate coolant flow of 80% in the auxiliary
condenser.

e. Adjust the coolant flowrate in the auxiliary
condenser to maintain the desired temperature and
pressure for the system.

11. Run the software program DRPOK by pressing the "run"

key on the keyboard. The program will prompt you
with gquestions for the necessary information it
needs as follows:

Select option ... Enter 0 for taking new data

Select fiuid ... Enter 0 for water

Enter input mode ... Enter 0 for new data

Enter month, date, time ... when finished press enter
Select C; ... 0 to find C, and 1 to use the program value
Give a name for the raw data set ... enter the name

Enter the geometry code ... select plain or finned
Enter the insert type used... select the appropriate value
Enter the tube type ... select the appropriate value

Select the tube enhancement used ... select the
appropriate value

Select the tube material ... enter 0 for copper
Select the tube diameter ... enter 1 for medium
Enter the pressure condition ... 0 vacuum, 1 atmospheric

Select the inside correlation ... 0 Sieder-Tate,
2 Petukhov-Popov

Select the outside theory for analysis ... O Nusselt or
1 Fujii
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Select the measurement device ... 1 Quartz thermometer
Select the output ... 0 short, 1 long

Like to check NG concentration ... 1 yes, 2 no

Enter flowmeter reading (%) ... enter a 2 digit number

Connect voltage line ... flip up voltage line toggle
switch on and press enter

Disconnect voltage line ... flip voltage line toggle off
and press enter

Enter pressure gage reading ... input reading from Heise
gage and press enter

Change TCOOL rise? ... 1 yes, 2 no
OK to store this point? ... 1 yes, 2 no
Will there be another run? ... 1 yes, 0 no; if yes it

returns to the step Like to check NG
concentration for following runs

12. Prior to continuing past the question "Enter the

flowmeter reading" ensvre the system has been
operating at steady-state conditions for at least 30
minutes.

13. WARNING: carefully monitor vapor pressure during

warmup, especially around atmospheric pressure, to
ensure an overpressure condition does not occur.

14. Vacuum runs are conducted at a heater setting of 90

volts and 1980 * 10 microvolts on channel 40. This
corresponds to T.. & 48°C, and a vapor velocity of =2
m/s.

15. Atmospheric runs are performed at a heater setting

of 175 volts and 4280 t+ 10 microvolts on channel 40.
This corresponds to T.,, ® 100°C, and a vapor velocity
of =1 m/s.

16. The viewing window can be cleared of condensation by

using heated air from a blow dryer on the glass.
CAUTION: be careful not to overheat and crack the
glass.
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17. When taking readings always double check the

B.

flowmeter reading prior to accepting any cdata point.
Also, always conduct vacuum runs prior to
atmospheric runs because it takes too long for the
system to cool down to the vacuum operating
temperatures. When trying to conduct both
atmospheric and vacuum runs in the same day.

SYSTEM SHUTDOWN PROCEDURES

When completed taking data, the system should be secured with

the

1.

following procedure:

Secure power to the heating elements. Turn off the
switches on the boiler heater control panel.

Secure coolant flow in the auxiliary condenser. If the
system is to remain at vacuum pressure until the next
data run, then the auxiliary condenser can be used in
assisting to cool the system down.

Secure the coolant water through the tube by securing the
coolant pumps.

Secure the water flow to the coolant sump tank.

To return the system to atmospheric temperature, slowly
open the vent valve on the auxiliary condenser. Ensure
no foreign material is in the vicinity of the vent valve
so the system does not get contaminated.

If an emergency should arise, such as an
overpressurization or breakage, ensure the heater power
is secured first! Let the system cool down prior to
checking for damage.
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APPENDIX C. UNCERTAINTY ANALYSIS
Uncertainties are always associated with any
experimentally determined results. These uncertainties are a
result of many different factors including the accuracy of
measuring devices, calibration of a device, and operator
experience. Although the uncertainty of a single measurement
may be small, when combined with other measurements that have
small uncertainties into a data reduction scheme, the effect
may be to generate a large uncertainty in the final result.
The uncertainties can be estimated by using a propagation
of error technique derived by Kline and McClintock [Ref. 33].
The uncertainty in a quantity, R, is a function of those
variables that are used to determine that quantity. So the
uncertainty of R can be represented as follows:

3R . \V.[ R ..V or . Y (C.1)
(—a—}(l-wl) "’(-a-}(—z'wz) AR -+( axnwn)

W, =

where:
W, = the uncertainty of the desired dependent variable
X,, X2, .+« , X, = the measured independent variables
W, W,, ... , W, = the uncertainties of the nmneasured

variables

A complete description for the uncertainty analysis is

given in Georgiadis [Ref. 34]. A program, originally designed
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by Mitrou [Ref. 9], was used to calculate the uncertainties
for this experiment. Sample outputs of the uncertainty

evaluations are enclosed.
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMUNC !
Pressure Condition: Vacuum
Vapor Temperature = 48.626 (Deg C)
Water Flow Rate (%) = 80.00
Water Velocity = 4,52 (m/s)
Heat Flu- = 1.461E+05 (W/m"2)
Tube-metal thermal conduc. = Z65.0 (W/m. K)
Sieder-Tate constant = ©.8173
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md .81
Reynolds Number, Re 1.14
Heat Flu~, g 1.66
Log-Mean-Tem D1ff, LMTD 1.38
Wall Resistance, Rw 2.87
Overall H.T.C., Uo 2.16
Water-Side H.T.C., H: 11.22
Vapor-Side H.T.C., Ho 11.87
DATA FOR THE UNCERTAINTY ANALYSIS:
File Name: FONMUNC !
Pressure Condition: Vacuum
Vapor Temperature = 45.619 (Deg C»
Water Flow Rate (%) = 20.00
Water Velocity = 1.16 (m/s)
Heat Flux = 8.492E+04 (W/m"2)
Tube-metal thermal conduc. = 385.0 (W/m.K)
Sieder-Tate constant = 0.0179
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 3.1
Reynclds Number , Re 3.2
Heat Flu~, q 3.1

Log-Mean-Tem D1ff, LMTD .b4

Wall Resistance, Ruw 2.67
Overall H.T.C., Ueo 3.18
Water-Side H.T.C., Hax 11.46
Vapor-Side H.T.C., Ho 43,62




DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMUHC 1

Pressure Condition: Vacuum

Vapor Temperature = 48,745
Water Flow Rate (%) = 80.00

Water Velocity = 4.32

Heat Flu-x = 1.840E+025 (
Tube-metal thermal conduc. = ZE5.@
Sieder-Tate constant = 0.0415

UNCERTAINTY ANALYZSIS:

(Deg C)
(m/s)

W/m"2)
(W/m. KD

(Deg C)
(m/s)

(W/m,K)

VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 0.81
Reynolds Number, Re 1.15
Heat Flux, q 1.43
Log-Mean-Tem Diff, LMTD 1.10
Wall Resistance, Ruw 2.67
Overall H.T.C., Uo 1.81
Water-Side H.T.C., H: 4,92
Vapor-5Side H.T.C., Ho 3.41
DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMUHC 1

Pressure Condition: Vacuum

Vapor Temperature = 48.733

Water Flow Rate (%) = 20.00

Water Velocity = 1.16

Heat Flux 1.251E+05 (W/m"2)
Tube-metal tnermal conduc. = 385.0

Sieder-Tate constant = 0.0415

UNCERTAINTY ANALYSISG:

VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 3.e2
Reynoclds Number, Re 3.12
Heat Flu~«, g 3.08
Log-Mear-Tem Di1ff, LMTD .43
Wall Resistance, Ruw 2.67
Overall H.T.C., Uo 3.1
Water-Side H.T.C., H1 5.44
Vapor-Side H.T.C., Ho 19.09
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMANC §
Pressure Condition: Atmospheric (191 LFa)
Vapor Temperature = 99.918 (Deg C)
Water Flow Rate (%) = 80.00
Water Velocity = 4.31 {m/s)
Heat Flux = 4,227E+405 (W/m"2)
Tube-metal thermal conduc. = 3E85.0 (W/m. k)
Sieder-Tate constant = 0.0193
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md .81
Reynolds Number, Re 1.16
Heat Flu=x, q 1.04
Log-Mean-Tem Da1ff, LMTD .48
Wall Resistance, Ruw 2.87
Overall H.T.C., Uo 1.14
Water-Side H.T.C., Ha 10.41
Vapor-Side H.T.C., Ho 7.328
DATA FOR THE UNCERTAINTY ANALYSIS:
File Name: FONMANC
Pressure Condition: Atmospheric (10t LPa)
Vapor Temperature = 100.024 (Deg C)
Water Flow Rate (%) = 20.00
Water Velocity = .16 (m/s)
Heat Flu- = 2.787E+05 (W/m"2)
Tube-metal thermal conduc. = 385.0 (W/m. k)
Sieder-Tate constant = 0.0193
UNCERTAINTY ANALYSIS:
VARIAELE PERCENT UNCERTAINTY
Mass Flow Rate, Md 5.02
Reynolds Number, Re 3.14
Heat Flu~, q 3.086

Locg-Mean-Tem Di1ff, LMTD .20

Wall Resistance, Ruw 2.67
Overall H.T.C., Uo 3.06
Water-Side H.T.C., Hi 190.67
Vapor-Side H.T.C., Ho 27.24

100




DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMAHC1
Pressure Condition: Atmospheric

Vapor Temperature

Water Flow Rate (%

Water Velocity

Heat Flu-

Tube-metal thermal conduc.
Sieder-Tate constant

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Flow Rate, Md
Reynolds Number, Re
Heat Flux, g
Log-Mean-Tem Di1ff, LMTD
Wall Resistance, Ruw
Overall H.T.C., Uo
Water-Side H.T.C., Hi
Vapor-5Side H.T.C., Ho

(101 KPa?
899.887

80 .00
4.31
4.952E+05
385.0
@.0442

8.81
.17
.01
.41
.67
.09
.64
.01

— .

rJa

1) &

DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMAHC1
Pressure Condition: Atmospheric

Vapor Temperature

Water Flow Rate (%)

Water Velocity

Heat Flux

Tube-metal thermal conduc.
Sieder-Tate constant

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Flow Rate, Md
Reynolds Number , Re
Heat Flux, q
Log-Mean-Tem Di1ff, LMTD
Wall Resistance, Ruw
Overall H.T.C., Uo
Water-Side H.T.C., Hi
Vapor-5i1de H.T.C., Ho

101

#

(101 LPa)
99.879
20.00
115
J.BO5E+@5
385.0
0.0442

.03
.15
.06
.14
.67
.07

-
e

.68

W

(&3]

=J UL r

(Deg C)

(m/s)
(W/m"2)
(W/m.F)

PERCENT UNCERTAINTY

(Deg C)

(m/is)
(W/m"2)
(W/m.K)

PERCENT UNCERTAINTY




DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMUNT3

Fressure Condition: Vacuum

Vapor Temperature = 45.6870 (Deg C)
Water Flow Rate (X% = £0.00

Water Velocaity = 2.63 (m/s)
Heat Flus« = 1.248E405 (W/m~2)
Tube-metal thermal conduc. = 21.0 (W/m.K)
Sieder-Tate constant = .0178

UNCERTAINTY ANALYSIS:

VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 0.80
Reynolds Number, Re 1.12
Heat Flu-~, q 2.1€
Log-Mean-Tem Di1ff, LMTD 1.95
Wall Resistance, Ruw 5.09
Overall H.T.C., Uo 2.91
Water-Side H.T.C., Hi1 16.79
Vapor-5Side H.T.C., Ho 17.15

DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMYUNT3
Pressure Condition: Vacuum
Vapcr Temperature = 48.736 (Deg C
Water Flow Rate (%) = 20.00
Water Velocity = .87 (m/s)
Heat Flu- = 7.580E+24 (W/m"2)
Tube-metal thermal conduc. = 21.0 WimL kD)
Si1eder-Tate constant = 0.0179
UNCERTAINTY ANALYSIS:

VARIABLE PERCENT UNCERTAINTY
Mass Flow Fate, Md 3.01
Reynolds Number , ke 3.1
Heat Flu~, q 3.16

Log-Mean-Ter Daff, LMTD .86

Wall Resistance, Ruw 5.09
Overall H.T.C., Uo 3.28
Water-51de H.T.C., Hi 16.95
Vapor-5i1de H.T.C., Ho 5&.73
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Heat Flua
DATA FOR

THE UNCERTAINTY ANALYSIS:

File Name: FONMUHT 3

Pressure Condition: Vacuum

Vapor Temperature = 48 ,E51

Water Flow Rate (%) = 20.00

Water Velocity = .97

Heat Flu- = 1.0B2E+@5  (
Tube-metal thermal conduc. = 21.0
Sieder-Tate constant = 0.0431

UNCERTAINTY ANALYSIS:

VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 3.0
Reynolds Number, Re 3.11
Heat Flu-, g 2.10
Log-Mean-Tem Diff, LMTD .60
Wall Resistance, Ruw 5.e9
Overall H.T.C., Uo 3.16
Water-Side H.T.C., Ha 7.40
Vapor-Side H.T.C., Ho 12.54
DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FONMUHT3

Pressure Condition: Vacuum

Vapor Temperature = 48,684
Water Flow Rate (%) = 80.00

Water Velocity = 3.63

Heat Flu=x = 1.471E+@5 «
Tube-metal thermal conduc. = 21.0
Sieder-Tate constant = ©.0421

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Flow Rate, Md
Reynclds Number , Pe
Heat Flu-, q
Log-Mean-Tem D1ff  LMTD
Wall Resistance, Ruw
Overall H.T.C., Uo
Water-Side H.T.C., H1
Vapor-Side H.T.C., Ho
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.80
2
.92
.66
.29
.52
.03
.07

onJrouy - - -9

(Deg C)

(m/s)
W/m"2
(W/m.K)

(Deg C)

(m/s)
W/m*2)
(W/m.K)




DATA FOR THE UNCERTAINTY ANALYSIS:

File Name:

Pressure Condition:
Vapor Temperature
Water Flow Rate (%)
Water Velocaity

Heat Flu-
Tube-metal thermal cenduc.
Sieder-Tate constant

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Flow Rate, Md
Reynolds Number, Re
Heat Flua, q
Log—-Mean-Tem Diff, LMTD
Wall Resistance, Ruw
Overall H.T.C., Uo
Water-Side H.T.C., Hi
Vapor-Side H.T.C., Ho

FONMANTS
Atmospheric

CiQ1 tFa?
120.026
80.00
3.€32
J.63ZE+05
21.0
2.2191

= C)

(Deg

(m/s)
(W/m"2)
(W/m. KD

PERCENT UNCERTAINTY

.81
1.14
1,14
.67
.08

1.32
15.74
11.68

DATA FCR THE UNCERTAINTY ANALYSIS:

File Name:

Fressure Cond:iticn:
Vapor Temperature
Water Flow Rate (%)
Water Veleccity

Heat Flu-
Tube-rmetal thermal conduc.
Sieder-Tate constant

UNCERTAINTY ANALYSIS:
VAFTABLE

Msss Flcw Rate, Md
Reynclds Number, Re
Heat flu-, q
Log-Mean-Tem Diff, LMTD
Wall Resistance, Fuw
Overall H.T.C., Uo
Water-Si1de H.T
Vapor-Side H.T

Hi

.C.,
.C., Ho
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FONMANTS
Atmospheric (101

} Pa)
99,9858
20.00
0.97

(Deg C)

(m/s)
(W/m"2)
(W/m.k)

PERCENT UNCERTAINTY

.02
12
.06
27
.03
.07
.9
.47
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name:
Pressure Conditicn:

FONMAHTE
Atmospheric (101 tFa)

Vapor Temperature !
Water Flow Rate (%)

Water Velocity

Heat Fluas

Tube-metal thermal conduc.

Sieder-Tate constant

UNCERTAINTY ANALYEI1S:
VARIABLE

Mass Flow Rate, Md
Reynolds Number, Re
Heat Flu-, q
Log-Mean-Tem D1ff, LMTD
Wall Resistance, Ruw
Overall H.T.C., Uo
Water-Side H.T.C., H1
Vapor-%i1de H.T.C., Ho

DATA FOR THE UNCERTAINTY ANALYSIS:

FONMAHTE
Atmospheric

File Name:

Pressure Condition:
Vapor Temperature
Water Flow Rate (%)
Water Velocity

Heat Flux
Tube-metal thermal conduc.
Sieder-Tate constant

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Fiow Rate, Md
Reynolds Number, Re
Heat Flu-~, g
Log-Mean-Tem Diff, LMTD
Wall Resistance, Pw
Overall H.T.C., Uo
Water-Side H.T.C.,
Vapor-5i1de H.T.C.,

Hi
Ho
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20.020
80.00

3.6<
4.043E+025 (
21.0

@.0403

PERCENT UNCERTAINTY

.8l
1.15
1.10
.b6@
.03
.25
.51

13

&9 =W

(101 LPa)
99.922
20.00
e.97
3.120E+05
21.0
0.0403

PERCENT UNCERTAINTY

7
-~

.15
.07
21
.C5
.e8
.87
.47

L4 W

Wl

- ~J wuyn

(Deg C)
(m/s)

W/m~2)
(W/m. k)

(Deg C>

{m/s)

(W/m~2)

(W/m.b)




APPENDIX D. DATA RUNS

The names of the data files are listed in Tables 2 through
13 in Chapter 5. The data files presented in this appendix
have been reprocessed using the Petukhov-Popov [Ref. 29] form
of the inside heat transfer correlation. The data have been

printed out in the short form format.
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NOTE: Program name : DRPOK
Data taken by : O°'KEEFE
This analysis done an fila : FONMAHTI
This analysis inclucdes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diamatar, J1 = 12.3b0 (mm7
Outside ciametsr, Do = 15,25 (mm)
This analysis uses the QUARTL THERMOMETER read:ings
Modif:ed Fetuknov-Popcv coeffizciant = i.2008
Using HEATEX 1nsert 1inside tute
Tube Ennancement ¢ SMOOTH TUEE
Tub2 material : TITANIUM
Prassure concition @ ATMOSPHERIC
Nusselt tneory 15 used for Ho
Ci: (based on Fatukhcv-Fopcv! = 2.2Z715
Alpha (based on Nusselt (Tdei’)) = Q2.7E0!
Enhanzament (g = LSEZ
Enhancement ‘[Del-T» = T2
Data Y Uc Ho Qe Ter
% (m/s) (W/m 2= (W/m 2-K (W/m" 2 (C)
1 3.66 §5.3B2E+03 S.727E+03  4.334E+0S 44,55 100.1
2 J.21 5.2872+323 9.98SE+02  4.23C0E+95 42.37 agG,
3 2.76 5.210E-@3 1.003E+24  4.132£+@5 41,13 35.2
4 2.3 5.0%4E+03 1.008E+04 35.8B3E+25 38.45 1249.
5 1.87 4 ,8995E+02 1.030E+04 3,7STE+QC JE.B1 120.2:
6 1.42 1.83%E+23 1.958E+~24 3.S4BE+9S 2.8 1092.
7 9.37 4,.27€e-92 1.12BE+04  3.220%E+05 25.53  139.
8 1.42 4. 6513E+23 1.039E+@4 3.48B£+05 32.5¢ 100.
9 1.86 4.374E+03 1.011E+Q4 Z.875c£+05 36.35 93g.
12 2.30 5.991£+02 1.DQ6E+04 Z.B45E+0QC 38.15 120
11 2.75 €.2228+0C 2.3E7E- 7.344£-95 38.57 s9,
12 3.i9 S.2252-93 3.3B0E+3= 3.214E£-35 48.7: SS.
12 3.52 5.3%ig+232 9.532E+02 1.2522+0% 11,84 100,
L2ast-Squaras Line for Heo vs g curve
Siope = -7.19042E-91
[ntarcapr = 7, 738TE+JE
Leagrt-sguares iine “zr 3 = aedalta-T 2
a = 7, Si79E~34
o = 7.,5000E-9!
NOTE: 12 data pointz wers storad 1= fola SINMAMTS
NCTZ: 2 =/ p3air3 ¢@~e stirad :m z2-3 7 _[2
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NOTE: Program name : DRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMAHT2
This analysis includes end-fin effect

Thermal conductivity = 21,8 (W/m.K)
inside diametar, D1 = 13.86 (mm)
Qutside diameter, Do = i5.85 (mm)

This analysis uses the QUARTZ THERMOMETER read:ings
Modified Fetukhov-Popov coefficient = 1,2000
Using HEATEX 1insert inside tube

Tube Enhancement : SMCOTH TUBE

Tube material P TITANIUM

Prazsura conditicon ! ATMOSPHERIC

Nusselt theory 13 usad for Ho

~ ) MMN 0O w

C: {based on Petukhov-Fopov) = 2.38323
Alpha (based on Nusselt (Tdel)) = @.7740
Enkancement (q) = . 553
Enhancement {Del-T: = .S65
Cata Vu Uo Ho Qp Tcf T
3 (m/s) {W/m"2-K) (W/m"2=K ) W/ m 2 (C) ¢
1 3.865 S.332E+@3 3.587E+03 4.209E+05 43.91 1@92.9
- 3.20 5.312E+97 F.8SJE+D33 4.147E+QS 42,38 §S.5
3 2.7S S.187E~+33 3.3687E+07 4.9135E-0S 40.54 1920.9
4 2.3 S.069E+03 1.000E+Q4 3.87SE+05 38.74 120.9
S 1.42 4 657E-23 1.049E+24 3.474E+0S I2.12 100.9
8 0.S7 4.290E+2C 1.108E+21  I.152E+05 28.42 ga.9
7 -3 4,875c-92 1.054E+0a  3,453E+25 32.33 1990.9%
8 1.386 4,340E-23 1.929E+@4 3.555E+05 ZE.51 35,56
9 2.30 S.1i4E+03 1, Q08E+d4 J.78SE+0S 37.54 100.3i
12 2.74 €.245E+9232 S.344E+9Q3 3.882E+02S 38,24 120.23
ti .1 5.Z28e-QC 8,783E+QT Z.93SE+9S 49.25  19Q.2¢
12 2.2z §.4583E-93 9,8C8TE+JI  4.@lZE£+2< 40.3Q 23,322
13 3.82 5.448E-2C 3.2803E+37 4.0Q05E+2S 19.78 232,33
L2ast-2gquare:z Line for Heo vs g sur.e
Slope = =3,178ZE-M
Intercap® = 7,2139:1223%
Laact-gquaras line ‘for g = a<delta-" '3
a = Z2.459%E-D4
o = 7.5000E-9¢
MOTZ: 12 data goirts warae sisrad (n fila FONMAKTZ
MOTZ: 13 <=/ majrs wa~a 3tcrad in 2ata fils
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NOTE: Program name : CRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMAHT3
This analysis 1ncludes end-fin affact

Thermal conductivity = 21.0 {(W/m.K)
Inside diameter, D1 = 13,26 (mm>
Qutside diameter, Do = 15.85 ‘mm}
This analys:is uses the QUARTZ THERMCOMETER rezdings
Modified Patukhov—-FPopov coeffizient = 1.229%
Using HEATEX insert inside tube
Tube Enhancement : SMOOTH TUBE
Tube material ¢ TITANIUM
Prassure conditicn ¢ ATMOSPHERIC
Nuss=lt theory 13 used for Ho
Ci (based on Fetukheov-Popev? 2.3823
Alnha (basad on Nusselt (Tdell)) = @.7ES!1
Enhancemant (9} = L8222
Enhancement (Del-T: = . 341
Data Vw Uc Ho Qp Tec# s
# (m/s) (W/m"2-K) (W/ m"2-K) {(Wim~ 2 tCo (C
1 3.82 S.411E+@3 9.7Q1E+Q3 4.000E+2S 41.22 29.92
2 Z.18 §5.316E+@3 3.717E+02 Z.913E+@t .27 100.91
3 2.74 S5.185E+03 9.693E+03 Z.73EE+0% 38.16 190,92
4 2.2 5.043E+03 9.76B6E+Q2 3.874E+0E 37.83 120.0¢
5 1.8S 4,872E+03 9.904E+03 2.522E+E@S 35.54 89.3:2
8 1.4 4 ,533E+23 1.917E+-Q4 3F,Z22E+QS IZ.88 293.85
7 1,18 4.434E+02 1.9SQE+Q4 Z.2@cE-@S 9.8 19@.2C
g 9.87 4.322E+03 1.195E+04 3Z.9B3ZE+2S 27,72 129.2%
Least-Squaras Line for Ho vs q curva:
Slope = ~Z.132ZE-01
Iniercapt = 7.7843E+@S
L2ast-squar=as line for g = a<delita-T'{

MGTE: 28 mata points wera sizraed n fila SINMAKTZ

NOTE: @8 X-Y pairs were storedg in data file
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NOTE: Program name DRPOK
Data taken by

This analysis done on

0°'KEEFE

file

FONMAHT4

This analysis includes end-fin effact

Thermal conductivity
Ins:de diametar, D:
Jutside diametar, Dc

This analysis uses the QUARTI THERMOMEZ
Modified Petukhov-FPopov coefficirent

Using HEATEX insert 1
Tube Enhancement

Tube material TITANIUM
Prassure condition ATMOSPHERIC
Nusselt theory 1s used for Ho
Ci1 (based on Fetukhov-Popov) = 2.4
Alpha (based on Nusselt (Tdeid) = 0.7
Enranceament (q) = .9
Enhancement (Del-T) = .9
Data Vw Uo Ho
3 (m/s) (W/m~2-K) (W/m"2-K}
1 0.97 4,236E+03 1.079€+24 3
P 1.42 4 ,856E+03 §.S5QE+Q03 3
3 1.64 4,.7Q2E+03 §.843E+03 3
4 2.08 4,919E+03 9.698E+03 3
) 2.82 5.108E+Q2 9.703e+02 3
g 2.38 S.221E+D3 3.837E+QZ 3
7 2.40 S.329E+2Z Q.879E-03 3
8 3.682 5.358E+03 3.505E+@3 3
g 3.18 5.285E+03 9.612E+02 3
10 2.732 C.136E+Q3 3.857E+Q03 3
1 2.23 S.0i0E+23 9.8583E+02 5
12 HIN T 4,7Z8E+D3 S5.359E-Q3 3
13 £.97 4 ,23BE+O3 1.972E+04 =
Lzast-Squares Line f2r Ho vs 3 curve:
Sicpe = -7 15Z3E-9!
intarcapt = 7, T7223E+0C

= 21.0 {(W/m.K)
= 13.886

{mm }

= 15.85 {(mm)

nside tube
SMOOTH TUBE

Least-squaras line fzr g = a<deita-7'5
a = 2,3722E+24
b = 7.5000E-0!
IRRES D 2ata poinrts wers sio-ad 1o
WCTE D {={ pairs sare ziorad 10 2a2t2

110

o

] -~ aQyap

Gp
(W/m~2)

LATIE+QS
LAZTE+DS
.8i7E+DS
.678E+05S
.BQ9E+2S
L8B1E+2%
.936E+05
. 94BE+25
.B74E+05
LTT4E+25
.827E+E5
. 388E+05
LQ25E+QC

vor
TER
=1

readings
. 2000

) G () )
-} U 4= 0
I

100.
100.
98.

Qq

-

120.
19@.
33.
100.
100.:
120.
i20.
AT,

1@,
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NCTE: Program name : DRPOK
Data taken by : D’KEEFE
This analysis done on file : FONMAHTS
This analysi1s includes end-fin effect

Thermal conductivity = 1,0 (W/m.K)
Inside diameter, D1 = 13.36 (mm:
Qutside d:ametar, D¢ = 15.385 (mm

This analys:s uses the QUARTZ unE~WOM’*"F read:ngs
Modified Fatukhov-Popov ccefficiant = 1.0000

Using HEATEX irsert inside tube
Tube Enhancement ¢ SMOOTH TUBE
Tube material ¢ TITANIUM
Pesszuras condition ¢ ATMOSPHERIC
Nusselt theory 13 used for Ho

C1 (based on Patukhev-Fopov) = 2,201
Alpha (based on Nusse!t (Tdel')) = £.7700
Enhancement (q} = . 947
Ennancement {(Del-T) = . 2689
Data Vw Uc Ho Qp

3 (m/s) (W/m~2-K) (W/m*2-K) {(W/m™2)

1 3.64 §.268E+03 9.574E+03 4.0S7E+0QS
z 7.19 S.273E+93 2,935E+03 4.QQ2E+@S
3 2.74 S.200E~0Q3 1.014E+04 3.88BE+05S
4 2.30 5.035E+Q3 1.015E+04 3.717E+0@S
5 1.85 4_822E+33 1.018E+@4 3.50Q9E+@5
g W 4 ,839E+93 1. ®~4E+w4 Z.313E+0E
7 9.397 4,218E+93 1,132E+Q4 2.354E+0S
8 1.19 4,423E+92 1. 054E+04 3.182E+QE
g 1.83 4,770E+23 1.9558E+04 3.428E+0S
10 2.07 4,952E+922 1 .@34E+Q4 3.595-+95
B 2.8 S.158E-Q3 1,Q29E+01  Z.730E+@E
i .95 5.252E+93 §5.37SE+d7 Z.300E+0S
12 3.2¢ S.337E+@3 3.532E+QZ Z2.8B2E-d%S
14 3.8% 5.354E-92 9.8EQE+QC Z.30BE-EC
Laas+t-Squaraes Line for Ho vs g zurve
lops = -3, 122ig-9
Interzept = 7.7684£+35
Laast-squaras linea for o = aedelts-7 't
a = 2.4380E+0Q4
b = 7.5000E-0!
MCTE: 'd z2ata point: ware stcrad 1n .ls FINMAHTS

NOTE: 14 {-Y pairs were stored in data file
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NCTE: Program name : DRPOK
Data takan by : O'KEEFE
This analysis dons on file : FONMAHTE
This analysis includes end-fin effect

Thaermal conductivity = 21.0 (W/m.K)
Inside diametar, O: = 13.96 fmm
OQuts.:de Ziametar Do = 15,25 {(mm}
This analysis uses the QUARTZI THERMOMETER readings
Modified Petukhov~-Popov coefficient = 1.,0022
Using HEATEX insert inside tube
Tube Ennancement : SMOOTH TUBE
Tube matarial ¢ TITANIUM
Frassur= conditicn ¢ ATMCSFRERIC
Nusselt theory 1s used for Ho
C1 (based on Petukhov-Fopov: = .5496
Aleona (basad on Nussalt (Tdei) = @.775%8
Enrancament {g: = Qce
gEnhancement (Dal-T:; ag7
Data Yw Uo Hao ap T

$ ({m/s) (W/m~2=-K) (W/m"2=K) (W/m~2) {
.Q4SE+0QS 41.32

1 3.82 5.823E+02 9.87I1E+@Z 4
2 3.18 5.441£+832 9,8C23E+Q>- Z.GESE+3E 42 .:2¢
3 2.73 S.369E+0@3 1.010E+04 3.882£-+2% 38.54
4 2.2 S.247E+93 1.923E+04 . 3.76EE+QS 36.8i
=1 2.27 S.133E+03 1.218E+24 3.BBRE+QC 3E.00
g S 4,5.0T+33 1.2642+94 I 21QE+DE I2.3%
7 9.87 4,453E+23 1.121E+494  Z.'20E+2E 27.53
8 1.41 4.815E+03 1.953E+04 3.411E+DQS 32.22
9 1.85 5.089E+03 1,244E+04 3.630E+05 34.78
19 2.2¢ 5.230E-Q2 1.2152+24 Z.744E+DE 35.89
13 2.51 S.322E+22 1.217€+04 Z.80QBE+SE 37.34
12 2.72 5.411E-93 !.JZZE*@J I.878E+IS 7.2
12 3.17 S.AE1E+9Z €,36Q0E+QF I.3I32E-2C 3%.26
Laast~3quaras Line fcr Ho vs g curve
Sl;ae = =3 . Q3S4E-D!
interzapt = 7.77QZE+DS
L2337 ~squares line for § = aeda o]
a = 2.S17SE+Q4
b = 7.5000E-0!
NOTZ: 12 Jdata points were s*araed 1n fila SINMAHTE
NCTZ: T X-Y pairs wera ztzced n dava Tila
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NOTE:

Ci1 (ba
Alpha
Enhanc
Enhanc

Lata
4

Clid - Q0o -~JDWA & O —

—

Program name : DRFOK

Data taken by : O KEEFE
This analysis done on file : FONMAHT?
This analys:is includes end-fin effect

Thermal conductivity = 21.0 (W/m.K?
inside diameter, D1 = 13,86 (mm:
Jutside diameter, Do = 15.35 (mm)

-

This analys:s uses the QUARTI THERMOMETER reaa:ngs
Modified Petukhov~-Popov coefficient = 1.0@9¢
Using HEATEX insert inside tube

Tube Enhancement : SMOOTH TUBE

Tube material : TITANIUM

Pressure conditiscn : ATMOSFKERIC

Mussalt theory 135 used for Ho

sed on Petukhov-Pogov! 2.5810%

(hased on Nusselt (Tgel)) = @.7824

amant {(q) .983

ement (Del-T) = .887
Vw Uo Ho ap Tcf

{m/s) (W/im~2-K) (W/im"2-K) (W/m"2) (C)
3.64 5.512E+03 9.985E+03 4.28BE+@5 2.93
3.19 S.415E+23 9.976E+0Q3 4.142E+0Q5 41,32
2.75 S.348E+0Q3 1.818E+Q4 4.043E+05 39.79
2.52 S.309E+03 1.Q30E+04 3.S98BE+QS JE.81
2.39 S.239E+03 1.037€+04 3.923E+0@S 37.34
2.08 T.150E+03 1.041E+24 3.847E+DS I5.¢
1.86 5.037E+03 1.043E+94 Z.742E+05 Z8.37
1.41 4,791E+Q2 1,973E+04 Z.538E+@E 32.97
@.97 4 . 451E+93 1.197E+@4 3.252E+@S 22.10
1.41 4,7G9E+2Z 1.,078E+94 3.55:E+®5S 32.35
1.3 5.042E+02 1. Q45E+94 3.7SIE+0QS 35.59
2.30 5.231E+D3 1.932E+94 3.8SBE+DS 37.78
TL74e S.372E+d2 1,Q07E+04  4.2Q0TE~-D5 22.29

e = -3,16Q02E-Q!
rcept = 7.3475E-¢5

squares line for 9 = aegaiza-T b

2.5853E+94

T .S000E-D!

‘I 4ata ocints wera stsred in fils FOMMARTT
12 A=/ paire were zicra2d in Jaca Clie

113

100
aa

P2

99.
120.
.24
100 .¢

W W
0 W

Ts
(CH

. @5

94
20
23

~—
-

21

.-

.96
.96
.04

L2

=

2T




NOTE: Program nam= : DRFOK
Data takan by : O'KEEFE
This analysis done on file : FONMANTI
This analysis itncludes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Ins:de diametar, D1 = 13.86 (mm>
Qutside diameter, Do = (5,55 (mm)

This analysis uzses the QUARTZ THESMOMETZR readings
Mcdified Psiukhov-Fopov coefficient = 1.0000
Using no insert :1nside tube

Tube Enhancemant ¢ SMOOTH TUuBE

Tube matarijal ¢ TITANIUM

Prassura condit:on : ATMCSPHERIC

Nusselt theory i1s usad for Ho

Ci (based on Patukhov-Pzpov) = 1.2114

Aipna (basad on Nusselt (Tdel)) = 9.7C@4

Erhancement (q) = . 841

Enbancament (Del-T) = . 9565

Data Vw Uo Hec Gp Tcf Ts
% (m/s) (W/m~2-K) (W/m~2-K) (W/m~2) (C) (C
! 2.74 4 .483E+03 1.050E+@4 3.315E+05S 31.86 1@@.0e:2
2 2.3! 4 ,38SE+0Q2 1.053ZE+04 3.20QE+EE 290.23 £5.38
3 2.28 4 ,273E+03 1.0S1E+04 3.@S1E+0QS 28.42 120.95
4 2.97 4,147E+@3 1.052E+@4 2.971E+25S 28.25 899,558
S 1.85 4,006e+03 1.056E+Q4 2.B8S1E+QS 28.55 §5.92
5 [ Y 3.587E+23 1.1DBE+@4 I.8QSE+DE Z3.E 82,33
7 Q.37 3.283E+a3 1.293E+04 2.3Q4E+0S i7.5 39, 32
3 1.41 3.6E7E+D3 1.101E+Q04 2,594E-0% 23.57 5g8.¢5
g 1.385 4 ,030E+0Q3 1 .06GE+Q4 CZ.33TE+QS 25.89 23, 3%
10 2.907 4 ,183E+02 1.964E+04 2.9489E+QS 27.72 129.:%8
ti 2.39 4,295E+23 1.97EE+34  Z.iEIE~DS -8.2% gc. 3!
12 2.74 4 ,45SQE~CZ 1.042E+94 Z,2S852+9% CAnlu B £ 14 J
i3 3.'3 4,823E+22 1.327E~94 IZ.43SE-QS 33,7 53.3%

Laast-3guares Line for Hg vs g curve!
Slope = -2,82'22-d
Interzept = 7.5352£-+35

Laas*-szuares line f2r 2 = aedalta-" -
a = [.3534£-04
b = 7.5000E-di

MOTE: I 2ata points wara storad 1n filas FONMaNT!

1 iZ s=f pairs we-~a2 storaes :n 23723 fiia
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NOTE:

Program name : DR
Data taken by

This analysis done on file
This analysis 1ncludes end-fin effect

POK

0°'KEEF
FONMANT 2

Thermal conductivity = 1.0 (W/m.K)
Insi1de diameter, D1 = 13.868 {(mm?
Qutside diameter, Do = 15.85 (mm)}

This analysis uses the QUARTZI THERMOMETER raad:ings

Modified Patulhov-Popov coefficient =

Using no insert inside tube
Tube Enhancement
Tube matarial

Prassurs ccndition

Nuszeit theory 1s

SMOOTH TUEE

: TITANIUM
ATMOSFHE
used for Ho

RIC

1.1

-
‘
.

7603

.9
.9

)

Ci (based zn Patukhcv-Popov) =
Aipha {(basad on Nusselt 'Tdeil})) =
Ennancement (q) =
gnhancament (Del-T) =
Data Vuw Uo Ho
3 {(m/s) (W/m~2-K) {(W/m™2-K
! 3.8% 4.665c+@3 1.022E+04
2 3.20 4 . 572E+83 1 .D48E+04
3 2.75 4.426E+03 1.964E+04
4 2.3t 4 ,2268E+03 1.280E+04
] 1.86 3.933E+03 1.073E+04
8 1.43% 3.815E+33 i 127E+04
7 0.37 3.263E+23 1.Z9B6E+34
3 1.19 3.387E+23 1.118E+24
S 0.37 3.20SE+23 1.261E+Q4
19 i3 3.39SE+03 1.112E+24
11 1.4 5.847E+22 t.11GE+Q4
12 1.38 4.000E+D3 1.Q85E+04
13 2.07 4,154€E+23 i .OEZE+D4
Tl 2.2% 4,26853E-22 1.279E-94
tg 2.5 4.412E+93 1.977E+04
13 273 4.820E-22 1.981E+24
L2ast-3quaras Line *or Ho vs g curve!
Sicpe = =2.ET2iE-Q!
Inter-apt = 7 .5358E-08

Least-squarss line for g = asdelta-7"
2.5129E+04
T.zl0eE-D

a =
b o=

[ SCY I G5 T 49 T 26 T 0 TR (O O NN 25 B 6 IO S TN £ NN o% B G B 5% By GV Y 85|

849

57
68

Qn

(W/m"2)
.713E+05
.566£+25
LA21E+QS

22BE+0S
.9S8E+0S
.5868E+3S
.382E+925
.4C4E+0QS

288E+05
.424E+05
.BQBE+2E
.288E+2S
.9BEE+0QS
LQBZE+QS
L18TE+DE
.248E+DS

1.2009

Gl
oo

r

[#3]

-0 - ~) L] ~) o

) =~ ) — 536D

16 data points were stcred i1n fiie FONMANTZ

16 £-¢ pairs
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NOTE:

Program name : DRPOK

Data taken by : O'KEEFE
This analysis done on file ¢ FONMANT3
This analysis includes end-fin effect

Thermal conductivity = 21.2 (W/m.K)
Inside diameter, D1 = t13.86 (mm:
Qutside diameter, Do = 1€.85 (mm)

This analysis uses the QUARTZ THERMOMETER ra2adings
Modified Fetukhov-FPopov coefficient = 1.,0030
Using no insert inside tube

Tube Enhancement : SMOOTH TUBE

Tube material : TITANIUM

Pressure zondition : ATMOSPHERIC

Nusselt theory 1s used for Ho

Ci {(based on Patukhov-Popov) = {,1836
Alpha (based on Nusseit (Tdeli; = &.7650
Ennancement (g) = 9
Ennancement (Del-T) = .574
Data Vw Uo Ho (0] Te# Ts
(m/s) (W/m"2-K) {W/m* 2=k (W/m=2) (CH (c)
1 0.97 3.230E+03 1.310E+04 2Z.263E+0S 17.32 93.88
2 1.41 3.B52E+03 1.136E+04 Z.595c-+0% 22.568 iv@.0%
3 1.83 3.637E+@3 1.113E+24 2.730E+0@S 24.53 99.32
4 1.85 4 .208E+03 1.104E+04 2 .857E+08 2Z.E9 99,37
5 2.7 4,.143E+03 1.987E+@4 2.953E+235 7.2 22,98
) 2.25 4,236E+93 1.957E+D4  3.0Q22E+2S 2t.54 35,332
7 2.51 4,424E+03 1,096E+24 3.165E+-95 o5.87 28,38
8 2.73 4 ,S13E+93 1.082E+04 3.229E+2G 28.83 8g8.32
g 2.95 4 ,B627E+03 1.988E+04 3.308E+05S 30.4° 93,32
12 3.17 4,745E+03 1.101E+@4 Z.394E+QS 29.32 35.34
13 3.6 4.318+92 1.985E+94 I.4E5T7E+QC ZI2.78 0 122.2:
12 2.2% 4,231E+03 1.09ZE+94 Z.270E+2S o312 128,24

L=2aszit-3quares Line faor Ho ves g curve:!

Slope = =7, 4792E-

intercept = 7.,332EE-Q%
L2acst-squares jine for g = a<galta-T b

a = 2.52SgE-24

b = 7.5000E-
NCTE: 1Z data points wers stored 1n fila FONMANTZ
NCTZ: 12 «=17 pa.~s ware storag 1n 23a3<a rfii=z
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NOTE: Program name DRPOK
Data taken by

This analysis done on

file

Q' KEEFE
F ONMANT 4

This analysis includes end-fin effect

Thermal conductivity
Ins:ide diametar, Di
Qutside diameter, Do

21.0 (W/m. K>
12.86 (mm}
15,85 (mm)}

This analysis uses the GQUARTZ THEnMOME’Fr resadings

Mod:fied Petukhecv-Fcpov coefficient = 1.0000
Using no insert insida tube
Tube Enhancement SMOOTH TUEBE
Tube material : TITANIUM
Pressure condition ATMOSPHERIC
sselt theory 13 used for Hz
Ci (based on Peatukhov-Fopov) = 1,151}
Alpha (basad on Nusselt (Tdel!) = 9.7643
Enhancament (g) = .8E5
tnhancament (Del-T: = .B74
Data Vw Uo Ho Qp Taf
3 (m/s) (W/m~2-K) (W/m"2=K) (W/m=2) (C)
1 3.62 4.778E+03 1 .036E+94 Z.479E+dS 33.55
2 .97 3.192E+03 1.288E+Q@4 C.295E+d5S 13.28
3 1.85 3.963E+23 1.083E+04 2.910E+05 2B6.E7
4 2.39 4.246E+03 1.072E+04 3.133E+0C 29.23
5 2.74 4,4B65E+03 1.064E+04 3.317E+2S 31.1¢8
g 3.'2 4,.8543E+9C 1.953E+Q4 3.453E+3S 32.88
7 2.83 4,782E+03 1.247E+Q4 3.5SBE~0S 33.98
8 3.82 4 . 755E£+03 1.030E+d4 3.525E+9S 24,214
9 3.18 4 BESE+D3 1.061E+94 3.433E+0S 32.36
10 2.74 4 .5Q0E=+23 1.07SE+Q4 3.294E+0S 30.582
11 2.2 3.26872+93 1.977E+Q3 Z.112E~@E 23.38
12 1.8 3.871£+93 2TTE+QA - .39BE+DS 25.38
13 1,4 3.8.8E-03 i.i18g+94 2.52BE+DE 23.64
13 2.37 3.18Z8+93 1.238E~@4  Z.2QSc+9t 2.0
Laast-Squarses Line fcr Ho vs g curva:
El:oe = -2 STIZE-
Intarzept = 7.805Ee2+95

Least-sguares line for 9 = a

a = 2. 5144E+Q4

B = 7.S5000E-0!
MOTE: 14 Zata psints werse st
NOTE: 14
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NOTE: Program name : DRPOK

Data taken by : O'KEEFE
This analysis done on file : FONMANTS

This analysis includes end-fin e

Thermal conductivity = 21,0 (W/m.K)
Inside diameter, D1 = 13.56 (mm:
Cutside diametar, Do = 15.385 (mm)

ffect

This analysis uses tne QUARTZ THESMOMETER readings
Modified Patukhov-Popov coafficient =

Using no insert inside tube

Tube Enhancemant : SMOOTH TuUuBE
Tube material : TITANIUM
Fressure cordition : ATMCGSFHERIC
Nusseit theory 1s usea for Ho

Ci (based on Pstukhov-Fopov: = 1.237

Alpna (basad on Nusselt (Tdel:’ = 9.78583

Enhancement (g3) = 1.00

Ennancament (Del-T) = 1.00!

Data Yuw Ue Ho Gp

4 (m/s) (W/m"2-K? {W/m 2-K) (W/m~2)
1 3.83 4,877E+@3 1.061E+Q04 3.B632E+0QS
2 J.18 4 ,755E+D3 1,978E+Q4 3.513E-9S
2 2.74 4.SS1E+93 1.083E+@4 3.394E+@5
4 2.30 4.374E+03 1,107E+04 3.234E+05
5 1.86 4.QB3E+03 1.115E+04 3.021E+0S
5 t.ad 3.723e+@2 1.146E+04 2.7S@E+2E
7 2.37 3.287E+d3 1.308€+94 2.413E+0S
8 t.al 3.720E+@3 1.148E+@d4 2.7SSE+2S
g .97 J.283E+03 1.308E+04 2.416E+05
19 1,386 4,281E+03 1.120E+24 3.040E+0S
11 2.20 4.320E+Q3 PL11T7E+Q4 3.2BETE+RS
iz 2.74 4 ,S72E+Q3 1.381E+Q4 3.438E+2S
13 3.18 4 . 718E+33 1,081E+94 3.S7IZE+DS
14 Z2.582 4,57IE+Q2 1,2€4E+04 Z.EB4E+0S
15 2.20 4.355£+93 1,193E+@4 3.263€+9S
15 2.287 3.23es+23 1.273E+24 2.411E=-DE

Least-squaraes Line for Ho vs g curve:
Slape = -2.5221€-d)
Intercept = 7, 53237E+Q5

L=zast-sqguaras line for g = asdalta-T b
a = 2,5824E+04
L= 7, Z000E-2

MOTE: 18 data po:nrts were stored 1n f1

NOTE: 16 xX-VY pairs wer= storsd :n data
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NOTE: Program name : DRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMUHT3
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.88 {(mm)
Qutside diameter, Do = 15,55 (mm)

This analysis usas the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = |.0002
Using HEATEX 1nsert inside tube

Tube Enhancement : SMOOTH TUBE

Tube material + TITANIUM

Pressure condition : VACUUM

Nusselt theory is used for Ho

C: (based on Petukhov-Popov) = 2,.8472
Alpha (based on Nussealt {Tdel)) = @.7483
Enhancement (qQ} = .324
Enhancement (Del-T) = .585
Data Vuw Uo Ho Qp Tc*#
¥ (m/s) (W/m"2-K) {(W/ m " 2-K (W/m=2) (CH
1 .97 4 .574E+23 1.261E+@4 1.082E+0S §.85
2 1.64 S.848E+03 1.115E+04 {.231E+Q5 11,04
3 2.28 5.282E+03 1.098E+04 1.3Q3E+05 11.82
4 2.582 S5.490E+0@3 1.098E+04 1 .3BZE+QS 12.49
S 2.97 S.652E+0@3 1.029E+04 1.4Q7E+DS 12.80
6 3. 41 §.787E+03 1.19BE+0Q4 1.44BE-+2S 13.05%
7 3.683 S.871E+23 1.113E+04 1.471E+D5 13.22
8 3.53 C.315E+0Q3 1,993E+04 1.457E+32S 13.33
g 3.41 S.7T74E+03 1.QSB8E+Q4 1.445E+0S 13.16
19 2.97 5.880E+Q3 1.114E+Q4 1 .412E+25 12.87
1 2.08 S.278E+Q3 1.Q9ZE+Q4 1.287E+0C 11.87
12 1.64 5.952E+93 1.115E+-Q4 1.232E+2S i1.24
13 1.19 4.89BE+23 1.142E+04 1.13QE+QS 3.33
14 0.97 4.474E+03 1.130E+24 ' ,2B6QE+25S 3.89¢

L=ast-Squares Line for Ho vs q curve:
Sleope = -3,1185E~-9!
Intercept = GS§.3173E+05
Least-squar=s line for g = asdelta-T"}
a = 2.0703E+04
b = 7.5000E-31

MOTE: !4 data points wers stored 1n “ile FONMUKTS

NGTE: 14 X-Y pairs were storesd in data file
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NGTE: Program name : DRPOK

Data taken by : O’KEEFE
This analysis done on file : FONMUMT4
This analysis includes end-fin effact

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, 01 = 13.6868 (mm)
Qutside diameter, Do = |5.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 11,0000
Using HEATEX insert inside tube

Tube Enhancement : SMOOTH TUBE

Tube material : TITANIUM

Pressur= conditicn : VACUUM

Nusselt theory 1s used for Ho

Ci (based on Petukhov-Popov) = 2. 2760

filpha (based on Nusselt (Tdel)) = Q.7900

Enhancement (q) = . 885

Enhancement (Del-T) - .913

Data Vuw Uo Ho Qp Tcf
4 (m/s) (W/m~2-K) (W/m~2-K) (W/m~2) cH
1 3.54 5.867E+03 't 153E+04 1 .SQ5E+0S 12.98
2 3.19 S.7839E+23 1.167E+d4 1.,45BE+0QS 12.43
3 2.75 5.583E+03 1.1S8BE+Q@4 1,392E+0S i2.01
4 2.52 S.559€E+03 1.189E+@4 1 ,38QE+QS 11,63
S 2.30 5.421E+03 1.175E+24 1.333E+0% 11.38
6 2.08 S.2BQE+Q3 1.165E+04 1.299£+25 1i.14
7 1.86 5.203E+03 1,198E+04 1.273E+05 123.582
8 1.42 4 . 39Q8E+03 1.242E+Q4  1,192E+0S 9.59
9 0.97 4.4S3E+Q3 1.326E+04 1,Q0B5E+QS 8.04
10 1.42 4,.307E+Q3 1.243E+24 1 .,1SBE+05 9.62
11 1.86 5.161E+03 1.178E+Q24 1 274E+2E 19.82
12 2.32 S.424E+03 1.178E+34 1 ,350E+@S 11,46
13 .82 S.530E+03 1.177E+Q4 1 ,380E+0S 11.73
14 2.75 S.B07E+0Q3 1.189E+Q4 1,40Q03E+0QC 2.9
18 3.19 S.T31E+Q3 1.154E+34 1.435E+@S 12.43
16 J.83 S.831E+03 1.143E+04 1.464E+DC 12.%

Least-Squaras Line for Ho vs g curve:
Slepe = -3 2707E-21
Intercept = G§,3531E+05

Least-squares line for q = a+delta-T"b

a =
b =

NOTE:

NOTE:

2.17435E+04
7.5000E-2!

16 data points were stored in file FONMUHTS

16 X-Y pairs wera storad i1n data file
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NOTE:

Program name : DRPOK

Data taken by : Q'KEEFE
This analysis done on file : FONMUHTS
This analysis includes end-fin effact

Thermal conductivity = 21.0 (W/m.K)
Inside diametar, Di = 13.858 (mm)
Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modifiad Pstukhov-Popov coefficient = | ,0000
Using HEATEX insert inside tube

Tube Enhancemant : SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 2.422

Alpha (based on Nusselt (Tdel)) = 0.7627

Enhancemant (q) = . 845

Enhancement (Del-T) = . 881

Cata Vw Uo Ho Qp Tef
% (m/s) (W/m~2-K? (W/m*2-K) (W/m"2) (C)»
1 9.37 4,3Q2E+0@3 1.202E+04 1.Q6ZE+0Q5S 2.00
2 1.42 4.,87.E2+0@3 1.165E+@4 1.2135E+@S 12.43
3 1.886 S.173E+03 1.131E+Q4 1.3Q01E+Q@S .41
4 2.08 S.274E+33 1.125E+04 1.3Z31E+0S 11,83
5 2.30 5.355£+03 1. 1Z8E+D4 1.382E+0Q5S 12.07
6 2.53 S5.4Z2E+492 1.097E+04 V. 36BE+QS 12.45
7 2.7S S.510E+23 1.036E+Q4 1,3352+05 12.71
8 3.19 S.B76E+03 1.105E+04 1.440E+@S 13.02
5 J.64 5.745€+93 1.087E+34 1.481E+05 13.42
10 3.19 S.741E+33 1.120E+@04 1.483E+@S 12.88
11 2.7% 5.500E+33 1.133E+04 1.4Q4E+QS 12.38
12 .30 S5.3%0E+03 1.124E+Q4 1.347E+D5 11.58
13 2.08 S.317E+03 1.143E+Q4 1 ,3Z4E+05 i1.5%
14 1.38 5.202£-03 1.1528+24  1.2%8E-25 1,24
18 1.42 4.874E-33 i1.182E+Qa 1 _13BE-QS 18.31

L2ast-3quar=as L:ne for Ho vs q curve:

Siope = -3,1155E-91
Intercept = G, B244E+QS

Least~-

a =
b =

NOTE :

NOTE:

squares line for g = a+delta-7"b
2.08955E+04
7.5000e-21

iS data points were stored 1n file FONMUKTE

19 A=Y pairs wera storsd 1n data rile
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NOTE: Program name : DRPOK -

Data taken by : O'KEEFE
This analysis donea on file : FONMUNTZ
This analysis includes end-fin effect
Thermal conductivity = 21.8 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Qutside diameter, Do = |5.85 (mm)
This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.00C¢
Using no insart 1nside tube
Tube Erhancement : SMOOTH TUBE
Tube material ¢ TITANIUM
ressure condition : VACUUM
Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 1.@922
Alpha (based on Nusselt (Tdel)) = 0.8Ii%
Enhancemant {(q) = .378
Enhancemant (Del-T) . 887
Data Vw Uo Ho Qp Tcf
4 (m/s) (W/m"2-K) {W/im~2-K) (W/m=2) (G
1 3.83 5.038E+03 1.2653E+04 i.244E+0% 5. 31
2 3.19 4.801E+63 1.307E+04 1 .20BE+@S $.23
3 2.74 4,.702E+03 1.334E+Q4 1 .155E+@S 8.56
4 2.52 4.581E+33 1.,346E+04 1,122E+05 §.34
S 2.30 4 ,450E+03 1.363E+04 1.QBCE+Q2S 7.59
& 2.08 4,287E+03 1.348E+24 1.0Q45E+QS 7.7
7 1.85 4.08iE+03 1 .35ZE+Q4 1.003E+@S 7.4
8 1.42 3.658E+03 1.437E+04 S.228E+02 3.24
9 0.387 3.975E+03 1.428E+04 7.4BSE+D4 5.23
10 1.886 4,119E+03 1.395E+04 1.Q15E+05 .27
11 2.7% 4,739E+03 1,.367E+04 1.17BE+0QS g8.581
12 3.63 S.059E+33 1,283E+94 1,258E+35 3.31

Least-Squares Line for Heo vs g curva:
Ciope = -2 5424E-01
Intercept = §,781SE+9S

Least-squaras line for g = aedelta-7"
a:
bs

NQT<

NOTZ:

r

2.26C0E+d4
7.5000E-01

12 data points were stored 1n file FONMUNTZ

12 X-Y pairs were stored 1n data riie
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NOTE: Program name : DRPOK
Data taken by : QO'KEEFE
This analysis done on file : FONMUNTZJ
This analysis includes end-fin effect
Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Qutside diameter, Do = |5.85 (mm)
Thnis analysis uses the QUARTZ THERMOMETER
Modifiad Petukhov-Popov coefficient = |,
Using no insert inside tube
Tube Enhancement : SMOOTH TUBE
Tube material : TITANIUM
Pressure condition : VACUUM
Nusselt theory is used for Ho
Ci (based on Petukhov-Popov) = 11,0775
Alpha (based on Nussalt (Tdel)) = Q.7876
Enhancement (q) = .830
Enhancement (Del-T) .868
Data Vw Uo Ho Qp
b 3 (m/s) (W/m"2-K) (W/m*2-K) (W/m~2)
1 3.83 4.954E+0Q3 1.235E+04 1.248E+05S
2 3.19 4.734E+03 1.255E+04 1.204E+05
2 2.75 4 .586E+93 1.271E+04 1.152E+@S
4 2.30 4,328E+03 1.2B4E+04 1.08BE+9S
5 1.886 3.9502E+23 1.291E+04 3,959€+04
B8 1.42 3.823E+02 1.384E+04 B8.386E+04
7 0.97 3.079E+03 1.508E+04 7.590E+24
8 1.42 3.6843E+232 1.416E+04 S.041E+22
9 .97 S.DB1E+03 1.464E+04 7.50BE+Q4
1@ 2.3Q 4.305E+03 1 .268E+04 1.080E+@S
i1 2.75 4.855e+03 1.248E+04 1.14BE+2S
12 7.19 4 ,767E+Q3 1.237E+04 1.200E+@S
13 3.83 4,94BE+D3 1.229E+04 1.24SE-0S
14 3.19 4,768E+23 1.237E+04 1.18ZE+08%
15 3.63 4.3772-23 1.248E+04 1.248E+2S
16 2.75 4.588E+903 1.2ESE+04 1.140E+QCS
17 2.0 4,322E+93 1.275E+24 1,972E+QS
18 1.88 J.981E+92 1.278E+04 5.359E+04
19 P.42 5.63BE+D23 1.3S7E+94 8.927E+04
20 0.397 3.062E+Q3 1.455E+04 7.448E+04
Least-Squaras Line for Ho vs q curve:!
Slope = -2 .8863E-d1

Intercept =

Least-

a:
b =

NGTE:

NOTz:

S.5155E+05

squaras line for q = avdelta-7T"b
2.1847E+04
7.5000E-01
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NOTE: Program name : DRFOK

Data taken by : O
¢ FONMUNT4

This analysis done on file
This analysis includes end-fin
Thermal conductivity = 21
Inside diameter, Di

Qutside diameter, Do = 18,

= 13.

KEEFE

effact

0 (W/m.K)
§5 (mm)

85 (mm)

This analysis uses the QUARTZ THERMOMETER readings

Modified Petukhov-Popov coefficient = }.,0000
Using no insert inside tube
Tube Enhancement : SMOCTH TUBE
Tube material ¢ TITANIUM
Pressure condition : YACUUM
Nusselt theory i1s used for Ho
Ci (based on Petukhov-Fopov’ 1.0742
Alpha (based on Nussalt (Tdel!) = @,38455
Enhancement (g) = .512
Enhancement (Del-T) .833
Data Vw Uo Ho Qp
b 4 (m/s} (W/m~2-K) (W/m"2-K) (W/m~2)
1 3.63 5.095c+03 1.328E+04 1,274E+0S
2 3.19 4.910E+23 1.34Q0E+04 1.222E+0S
3 2.7S 4 .748E+03 1.407E+04 1.1E3E+0%
4 2.30 4,453E+03 1.413E+@4 1.110E+05
] 1.86 4 .1GEE+D3 1.502E+04 1.0Q37E+Q@S
6 1.42 3.7268E+93 1 .559E+Q4 Q,234E+04
7 2.37 3.163E+23 1.764E+04 7.7S2E+04
8 1.42 3.718E+03 1.550E+04 93.2SBE+04
9 0.97 3.161E+23 1.747E+Q04 7.765E+04
10 1.86 4.133E+03 1.4B4E+94 1.@37E+25
1 2.30 4.478E+03 1.435E+04 1.125E+0¢S
12 2.75 4 .698E+03 1.366E+24 1,180E+QS
13 3.13 4,.913E+92 1.345E+Q4 1 ,234E+QCS
14 3.83 S.100E+23 1.323E+04 1.273E+QS
Least-Squaras Line for Ho vs q curve:
Slope = -2,9438E-0!
Intarcest = §,.3472E+05
L=ast-squaras line for q = asdelta-T"b

a= 2.4011E+94

b = 7.5000E-2!
MOTE: 14 data points wera storad :1n fi1le FONMUNT4
NOTE: 14 X-Y nairs were storad 1n data file
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NOTE: Program name : DRPOK
Data taken by : Q’KEEF
This analysis done on file : FONMUNTS
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)
Qutside diameter, Do = 15,85 (mm)

This analysis uses the QUARTI THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using no 1nsert inside tube

Tube Enhancemant : SMOOTH TUBE

Tube material ¢ TITANIUM

Prassure condition : VACUUM

Nusselt theory 1s used for Ho

Ci (based on Petukhov-Popov) = 11,1127

Alpha (based on Nusselt {Tdel)) = Q.3274

Enhancement (g) = .836

Enhancement {Del-T) = .813

Data Vuw Uo Ho Qp Tef
¥ (m/s?} (W/m*2=-K) (W/m™2-K) (W/m~2) (C»
1 3.84 S.929E+03 1.251E+04 1,289€E+0E 10.30
2 3.19 4 ,395E+23 1.29tE+@4 1.255E+05 3.72
3 2.75 4 ,735E+03 1.346E+04 1.299E+0S §.98
4 2.31 4.,494E+Q3 1.352E+04 1.143E+@S 8.4S
) 1.86 4.115E+03 }.371E+04 1 .Q54E+0S 7.88
& 1.42 3.746E+03 1.490E+04 9.534E+04 6.43
7 .97 3.1680E+22 1.528E+@4 7.393E+04 4.91
8 1.42 3.742E+93 1.490E+04 9.5SQE+04 .44
5 9.37 J.180E+03 1.63!1E+04 B.018E+94 4,92
10 1.86 4.14BE+93 1.408E+04 1.Q71E+2S 7.60
11 2.31 4 ,483E+23 1.389E+04 1 .1E9E+QS 8.34
12 2.78 4,705E+Q3 1.327E+04 1. 220E+Q@S 3.1%8
13 3.18 4 ,354E+Q3 1,283E+04 1,.2B5E+QC Q,7¢
14 3.E4 S.053E+33 1.269E+04 1 ,3@7E+2S 12.30
15 2.31% 4,487E+33 1.386E+04 1.151E+Q% 8.31
16 .97 3.194E+03 1 .662E+Q04 8.039E+Q4 4,84
17 3.64 S5.053E+323 1.274E+04 1 .312E+0S 19.3

Least-Squares Line for Ho vs g curve:
Slope = -3,.9256E-01
Intercept = §,8485SE+2%

Least-squares line for g = a¢delta-T7"b
a = 2.334S%E+94
b = 7.5000E-21
NOTE: 17 data points were stored :n fila FONMUNTE

NCTE: 17 ¥=¢ pairs wer= stzored in data fila
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NOTE: Program name : 0ORPOK
Data taken by : O'KEEFE
This analysis done on file : FONMAHIT!
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Qutside diameter, Do = |5.85 (mm)

This analysis usas the QUARTZ THERMOMETER raadings
Modifiad Patukhov-Fopov coefficient = 1,2000
Using HEATEX 1nsert 1ns:ide tubae

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt thecry 15 used for Ho

Ci (based on Patukhov-Popov) = 2.022
Alpha (based on Nusselt (Tdel)) = Q.7961
Ennancement (q) = 1.047
Enhancament (Del-T) = 1.03%8
Data Vw Uc Ho Qp Taf 5
b4 (m/s) (W/m=2-" {(W/m*2=-K) (W/m~2 (C) (C
i 3.62 5.448E+Q3 1.236E+24 3.39SE+QS 22.45 3c.9¢
2 3.18 5.361E+@3 1.249E+Q04 3.89BE+0S 37.14 99.85
3 2.73 S.268E+D3 1.971E+04 3.814E+0%S 35.81 19@¢.21
4 2.29 5.071E+22 1.063E+24 3.8S4E+DS za.13 93,932
-] 1.85 4 ,858E+03 1.287E+Q@4 3.48BE+25 32.17 122.21
e 1.41 4 ,S6BE+d3 1.119E+24 3.269E+0S 29.22 99.39
7 0.97 4,1S0€E+33 1.2@0E+04 2.957E+0S 24.53 93,94
8 1.41 4 .565E+23 1.118E+24 Z.273E+QS ~e.23 3¢, 3¢
] 2.97 4.147E+93 1.197E+@4 2,355c+2S 24.88 g.9¢
10 1.85 4 ,363E+03 1.2SQE+24 3.513E+0S 32.21 1920.9S
11 2.29 S5.073E+23 1.070E+Q04 3.870E+2S 34.2 120.0¢S
12 2.73 5.2825+23 1.263E+94 3.895&+2¢ 35.59 R
13 3.17 S.373E~23 1.292E+94 Z.38SE+25 35.3¢ §9.39
14 3.51 S.467E+22 1.241E+Q4 3.353E+25 38.2¢ 12@.2C

Least-3quarass Line for Ho vs 5 curve:
Slope = -2 BI1EE-D!
Intercept = 7.72CS2E+0S
Laast-squaraes line for § = aegalzta-T"b
a= [.5057E~Q4
b = 7.S0QQ0E-2!
NOTE: 14 data points were stored i1n file FONMAHLIT!

NOTE: 14 X-Y pairs wara stsraed i1n Jara “.l.a
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NOTE:

Program name : DRPOK

Data taken by : Q'KEEFE
This analysis done on file : FONMANLTI
This analys:is includes end-fin effact

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Qutside diameter, Do = 15,85 (mm)

This analysis uses the QUARTZI THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using no insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE

Tube material : TITANIUM

Pressura condition : ATMOSPHERIC

Musselt theory is used for Ho

C1 (based on Petukhov=-Popov: = 1.1307
Alpha (based on Nusselt (Tdel)) = (.7825
Enhancemant (q) = 1.030
Enhancement (Del-T) 1.022
Data Vw Uo Ho Qp Tcf
b4 (m/s) (W/m"2-K) (W/m"2-K) (W/m~2) (C)
1 3.61 4.807E+Q3 1.077E+24 35.487E-QS 32.18
2 3.17 4 .688E+@3 1.104E+@4 3.395g+2S 39.76
3 2.73 4,497€+03 1.111E+Q4 3.257E+0@S 29.32
4 2.29 4,284E+23 1.133E+04 3.10Q1E+35 27.36
S 1.85 3.97SE+0@3 1.140E+04 2.883E+@S 25.30
-] 1.41 3.B606E+0@3 1.170E+04 2.80Q7E+92S 22.2
7 2.97 3.138E+0@3 1.305E+24 2.259E+0S 17.31
2 1.41 3.837E+23 1.165E+24 2.B12E+2S 22.43
g 2.97 3.15QE+03 1.329E+@4 2.272E+0S 17.09
19 1.85 3.970E+R2 1.141E+04 2.903E+25 25.44
11 2.29 4.261E+@3 1.126E+@4 3.122E+@S 27.73
12 2.74 4.491E+493 1.1156+04 3.29BE+QE 29.C%
13 .18 4 ,850E+03 1.090E+24 3.4125+@S 31.21
14 3.82 4,789E+93 1.Q75E+24 Z.5!BE+0c 32.78
L2ast-Squares Line for Hc vs q curve:
Slope = -2.4826E-21
Intercept = 7.6014E+2S
Least-sqguaras line for g = a+delta-T"'5
a = 2.3379E+04
b = 7.S000E-21
NOTE: 14 data pcints were storad i1n fila FONMANITI
NCTE- 14 X-¢ pairs wer2 stored in data fi.e
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NOTE: Program name : DRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMUHLT1
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)
Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Patukhov-Popov ccefficient = 1.0000
Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory is used for Ho

C: (based on Petukhov-Fopov) = 1,89]8

Alpha (based on Nusselt (Tdel)) = @.8018

Enhancement (g) = 1.061

Enhancement (Del-T) = 1.24S

Data Vuw Uo Ho Qp Tef Ts
s (m/s) (W/m~2-K) (W/m"2-K) (W/m*2) (cH (C)
1 3.63 5.745E+0Q3 1.196E+24 1.383E+@S 11.586 48.585
2 3.19 S.661E+03 1.225E+04 1 .3B64E+05 11.14 48.72
3 2.74 S.S1BE+03 1.244E+24 1.321E+0QS 10.62 48 .65
4 2.30 S.291E+@3 1.248E+04 1.2B69E+25 12.18 48.74
S 1.86 S.007€E+03 1.256E+04 1.192E+0S 9.49 48 .85
6 1.41 4.660E+Q3 1.297E+04 1.10QSE+QS 8.52 48.72
7 0.97 4.147E+93 1.379E+04 S.748E+04 7.07 48.58
8 1.41 4 .BS5E+232 1.295E+04 1.107E+2S 8.55 48.65
9 .97 4,161E+Q3 1.296E+24 9.767E+04 5.99 48,59
10 1.86 S.Q0SE+Q@3 1.257€+04 1.203E+0QCE 9.58 48.89
11 2.30 5.254E+03 1.228€E+04 1.26BE+0QS 19.31 48.73
12 2.74 S.500E+03 1.236E+24 1.321E+QS 10.68 43.71
13 3.19 5.641E+03 1.219E+04 1.352E+05 11.13 48.69
14 3.83 S5.74QE+03 1.192E+04 | .3BSE+QS 11.45 48.58

Least-Squares Line for Ho vs g curve:
Slope = -3.0415E-01
Interceapt = 5,.8381E+05
Least-squaras line for q = asdelta-T"b
a = 2, 2233E+24
b = 7.5000E-01
NOTE: 14 data points were stored in file FONMUHLIT!

NOTE: 14 X-Y pairs wers stored in data file
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NOTE: Program name : DRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMUNLIT1
This analysis includes end-fin effact

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 135.86 (mm)
Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficiant = 1.0000
Using no insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory is used fcr Ho

Ci (based on Patukhov-Popov) = 1.0235

Alpha (based on Nusselt (Tdel)) = @.838!

Enhancement (q) = 1,029

Enhancement (Del-T) = 1.921

Data Vuw Uo Ho Qp Tecf Ts
3 (m/s) (W/m~2-K) (W/m"2-K) (W/m~2 (Cc) (C)
1 3.683 5.036E+Q@3 1.333E+04 1.191E+0S 8.93 48.64
2 3.18 4,903E+23 1.385E+04 1.147E+05 8.2 48.7@
3 2.74 4.718E+03 1.437E+24 1.093E+0QS 7.61 4e.7
4 2.30 4.410E+Q3 1.427E+04 1.212E+0QS 7.08 48.71
5 1.8% 4.088E+03 1.479E+04 9.300E+04 6.2 48.7
8 1.41 3.863E+03 1.550E+04 8.244E+04 §.32 48.68
7 0.97 3.071E+03 1.645E+04 6.840E+04 4.1 48.68
8 1.41 3.855E+03 1.542E+@4 8.279E+04 8.37 43.83
9 9.97 3.074E+03 1.652E+24 E.840E+0Q4 4,14 48.55
10 1.85 4.083E+03 1.475E+@4 9.3Q2E+0Q4 8.31 48.63
11 2.30 4,405E+03 1.422E+04 1.012E+0S 7.11 48,587
2 2.74 4.728E+03 1.444E+04 1.084E+05S 7.5 48.5%
13 3.18 4 ,906E+03 1.381E+@4 1.125E+@S 8.14 18.70
14 3.682 S.0Q58E+@23 1.342E+04 1.16QE+0S g8.66 45.72

Least-Squares Line for Ho vs q curve:
Slope = -2.5701E-21
Intercept = §.3022E+05
Least-squares line for q = atdelta-T"Y
a = 2,3428E+04
b = 7.5000E-01
NCTE: 14 data points were stored i1n file FONMUNLITI

NOTE: 14 X-Y pairs were storsd 1n data file
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NOTE: Program name : DRPOK
Data taken by : OQ'KEEFE
This analysis done on file : FCONMAHZTS
This analysis i1ncludes end-fin effect
Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Qutside diameter, Do = (5,85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coeff:icirent = 1.0000

Using HEATEX insert 1nside tube
Tube Enhancemeant
Tube material : TITANIUM
Pressure condition : ATMOSPHERIC
Nusselt theory 1s used for Ho

Ci (based on Petukhsv=-Popov)

Alpha (based on Nusselt (Td = o.4479
Enhancement (q) ) el)) = @.8084
ent (q = 1.062
Enhancement (Del-T) = 1.04§
D;ta (Mgz) (N/U?q ) HO’ O
I 3.80 S.719E+03 1.063esel’ 3.8H4Rvad
2 3.18 S.593E+03 1.047E+04 3.876E+0QS
3 2.72 S.823E+@3 1.872E+04 .8S7E+0S
4 2.28 G.382€+03 1.086E+04 3.767E+0QS
5 1.8S 5.151E+23 1.087E+Q04 3.6812E+0S
6 1.41 4.89SE+03 1.121E+04 3.42BE+0S
7 0.97 4.48SE+23 1.186E+Q4 3.130E+05
8 1.41 4 .887E+23 1.109E+24 3.428E+2&
9 9.37 4.492E+23 1.183E+04 3.132E+05
10 1.85 S.139E+03 {.086E+d4 3.6848E+25
it 2.28 5.362E+@3 1.083E+04 3.821E+@S
12 2.73 C.487E+93 1.064E+04 3.919E+0%
2 3.17 §.532E~23 1.04%E+Q4 3.9SQE+0C
14 3.€1 5.7068+0C 1.9G4E-Q4 4.Q0783E+0S

Least-Squares Line for Ho vs Q curva:
Slope = -2.8602E-21
[nterzept = 7.75Q2E+QC
Laast-3guaras Jine for g = a¢delta-T"b
a = 2.5233E+04
b = 7.5000E-931
NOTE: 14 data points wera stored in file FONMAHZT3

NGTZ: 1d x-=Y pairs were stored 1n Jata fila
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NOTE: Program name : DRPOK
Data taken by . Q'KEEFE
This analysis done on file : FONMAN2T!
This analysis 1ncludes end-fin effact

Thermal conductivity = 21.0 (W/m.K)
Inside diamatar, Di = 135.86 (mm)
Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Pcpov coefficient = 1.0000
Using no 1nsert 1nside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material : TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt theory is used for Ho

C: (based on Petukhov-Popov) =

1.0949

Alpha (based on Nusselt (Tdel)) = 2.3014

Enhancement (g’ = 1,063

Enhancement (Del-T) = 1.047

Data Vw Uo Ho Gp Tcf
b4 (m/s) (W/m"2-K) (W/m"2-K} (W/m2) (C)
i .37 3.104E+23 1.352E+@4 2.237E+0S 158.55 100.
2 1.4} 3.5S1E+03 1.217E+Q4 2.597E+05 21.33 g9.
3 1.85 3.387E+03 1.191E+04 2.B7EE+0S 24.14 99.
4 2.29 4,29QE+@3 1.175E+24 3.092E+0S <6.32 99,
5 2.73 4 ,512E+923 1.148E+@4 3.242E+QS 28.21 99.
6 3.17 4.716E+03 1.145E+@04 3.387E+0S 29.69 100.
7 3.81 4,.853E+23 1.122E+@4 3.47SE+0S 30.97 Q9.
8 3.17 4 .734E+D3 1.151€+@24 Z.37BE+0S 29.32 G3.
9 3.61 4.873E+03 1.131E+Q4 3.477E+2S 30.73 ag.
1@ °.73 4 ,531E+03 1.154E+04 3.21BE+@5S 27.89 99.
11 2.29 4.298E+03 1.168E+04 3.247E+DS 26.09 949,
12 1.8% 3.968E+22 1.159E+04 2.813E+QC 24.28 93,
13 1.41 3.602E+2Z 1.201E+24 2.543E+QS 21.13 3g,
14 2.97 3.184E+23 1.413E+24 2.225E-0QCS 16.7% 10@.27

Least-Squaras L:ne for Ho vs q curve:
Siope = -2.3698E-21
Intercept = 7.5345E5-2C

T

Least-squarss l:ne for q = aesdelta-T"
a = 2.8571E-04
B = 7.5900E-31

NOTE: 14 data points wers storad 1n file FONMANZT!

MOTE: 14 #-Y pairs wera ztgoread in data “:.a
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NOTE: Program name : DRPCK
Data taken by : Q'KEEFE
This analys:s done on fila : FONMUH2T!L
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)
Qutside diameter, Do = 15,85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popeov coefficient = 1.0000
Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 2.0049

Alpha (basad on Nusselt (Tdel)) = @.7965

Enhancament (q) = 1,082

Enhancement (Del-T) = 1.038

Data Vw Uo Ho Qp Tcf
b (m/s) (W/m"2-K) (W/m*2~K) (W/m~2) (C)
1 3.64 S.753E+03 1.174E+04 1.4B8E+0Q5S 12.49
2 3.19 GS.B631E+d3 1.181E+04 1.423E+0QS 12.04
3 2.75 S.4B62E+0Q3 1.182E+94 1.363E+0S 11.583
4 2.52 S.369€E+23 1.186E+04 1.34.E+0S 11.31
5 2.30 S5.263E+03 1.190E+04 1.315E+0S 11.@5
B 1.86 4,949E+03 1.172E+Q4 1.22BE+05 10.46
7 1.42 4.621E+@3 1.203E+04 1.132E+@5 8.4}
8 9.97 4,146E+03 1.277E+04 1.Q14E+0QS 7.94
9 8.97 4 ,229E+03 1.364E+04 1.Q35E+0@5 7.58
10 1.42 4 ,BSTE+@3 1.230E+04 1 .153E+QS 3.37
11 1.86 5.011E+0@3 1.209E+04 1.247E+0S 10.32
12 2.30 S.284E+Q23 1.293E+Q4 | .321E+05 12.98
13 2.53 5.348E+03 1.177E+04 1.341E+05 11.39

Least-Squares Line for Ho vs g curve:
Slope = -2 89344E-21
Intercept = 5.8163E+05
Least-squares line for q = a*delta-T"b
a = 2,1707E+Q4
b = 7.5000E-01
NOTE: 13 data points were stored in file FONMUHZT!

NOTE: 13 X-Y pairs were storad i1n data fila

132

NCTE: Program name : DRPOK
Data taken by : Q'KEEFE

48.
A8,

48

48
48

48
48

Ts
(C)
73
69

.63
48.

80

.88
.70
48.
48.
48.
48.
.65
.66
48.

53
80
54
65

74




NOTE: Program name : DRPOK
Data taken by Q'KEEFE
This analysis done on filea : FONMVHIT2

This analysis includes end-fin affect

Thermal conductivity

Inside d
Outside

iameter,
diameter,

= 21.0 (W/m.K)
= 13.
= 15,

86 (mm)
85 (mm)

This analysis uses the QUARTZ THERMOMETER resadings
Modified Petukhov-Popov coefficient =

Using HEATEX insert inside tube

1.0000

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube mater:ial TITANIUM
Pressure condition : VACUUM

Nusselt theory is used for Ho

Ci: (based on Petukhov-Popov) = 1.9482
Alpha (based on Nusselt (Tdel)) = ©.7873
Ennancement (q) = 1,035
Enhancement (Del-T) = 1.028
Data Vuw Uo Ho Qp Tef
# (m/s) (W/m"2-K) (W/m*2-K) (W/m~2) (C)
i 3.64 5.614E+23 1.134E+04 1.454E+@5 2.82
2 3.19 5.552E+03 1.166E+04 1.425E+0S 2.23
3 2.7 5.383E+03 1.168E+24 1,38QE+05 11.82
4 2.53 §5.288E+@3 1.171E+@4 1.348E+0S 11.51
5 2.31 5.193E+03 1.181E+24 1,326E+05 11.22
6 1.86 4 . 992E+@3 1.205E+Q4 .2B3E+@5 12.48
7 1.42 4 .S7T3E+R3 1.213E+@4 1 .1S5SE+QS 9.82
8 0.97 4.107E+03 1.303E+@4 1.Q24E+0S 7.86
9 1.42 4 ,582E+Q2 1.219E+04 |.15BE+2S 9.49
10 Q.97 4, 121E+03 1.316E+04 1.0Q2SE+0S 7.79
{1 2.31 S.164E+@3 1.167E+04 1.31BE+25 11.28
12 3.64 S.630E+Q3 1.139E+04 1,443E+Q5 12.67
13 3.19 S.48QE+Q3 1.134E+04 | .398E+QS 2.33

L=aast-Squares

Slop=
Intercept =

Least-

a =
b =

NQTE:

NOTE:

Line for Ho vs q curve:

= -3,2945£-91

S.8531£+05

squares line for q = asdelta-T"b

2.1568E+04

7.S000E-2!

13 data points were storad in file FONMUHZTZ

13 X-Y pairs were storead 1n data file
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NOTE: Program name : DRPOK

Data taken by : Q'KEEFE
This analysis done on file : FONMUH2T3S
This analysis includes end-fin affect

Thermal conductivity = 21,0 (W/m.K)
= 13.86 (mm)
= 15.85 (mm)

Inside diameter, D)
Qutside diameter, Do

This analysis uses the QUARTZ THERMOMETER readings

Modi1fisd Patukhov-Popov coafficient

Using HEATEX insert i1nside tube
Tube Enhancement
Tube material : TITANIUM
Pressura condition : VACUUM

Nusselt theory 1s used for Ho

Ci1 (based on Petukhov-Popov) = 2.2400
Alpha (based on Nusseli (Tdel)) = @.7682
Enhancement (gq) = .998
Enhancement (Del-T) = .S99
Data Vu Uo Ho Qp
b (m/s) (W/m~2-K) (W/m"2-K) (W/m~2)
1 3.63 S.823E+@3 1.143E+04 1.395E+QS
2 3.18 S.684E+02 1.138E+24 1.353E+Q5
3 2.74 5.568E+03 1.155E+04 1.32QE+@S
4 2.39 5.354E+23 1.148E+24 1.2B7E+@S
5 1.86 S.13SE+Q3 1.170E+04 1 .20Q8E+0QS
6 1.41 4 .825E+22 1.201E+04 |.132E+0@S
7 0.97 4.405E+Q3 1.300E+04 1.Q@15E+Q5
8 1.41 4 .827E+Q3 1.203E+04 1.138E+2S
9 2.97 4 ,383E+03 1.292E+94 1.Q15E+2S
10 1.86 S.126E+Q3 1.167E+04 1.223E+0Q5S
11 2.30 5.341E+33 1.145E+94 1,.275E+25
- 2.74 S.853E+23 1.150E+04 1.334E+0S
3 3.19 5.569E+@3 1.133E+04 1.358E+0S
14 3.63 5.802E+23 1.135E+04 1.40Q0E+@S

Least-Squares Line far Ho vs g curve:
Slope = -3,3576E2-91
Intercept = §,3531c+@S

Least-squares line fcr g = asdelta-7"b
a= 2.1177c+04
b = 7.5000E-081

NOTE: 14 data points wers storad 1n file FONMUHITS

NOTE: 14 X-Y pairs were stored in data file
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NOTE: Program name : DRPOK
Data taken by

This analysis done on file :

0'KEEFE

FONMUNZT!

This analysis includes end-fin affect

Thermal conductivity
Inside diameter, D1
Qutside diameter, Do

= 21.9 {(W/m.K)

= 15.86 (mm)

= 15.85

(mm)

This analysis uses the QUARTZ THERMOMETER readings

Modified Petukhov-Popov coefficiant

Using no insert 1nside tube

Tube Enhancement
Tube material
Pressure condition :

WIRE-WRAPPED SMOOTH TUBE

TITANIUM
VACUUM

Nusselt theory is used for Ho

Ci. (based on Patukhov=-Popov) = @

Alpha (based on Nusselt (Tdel))

Enhancement (q)
Enhancement (Del-T)

Data Vw Uo

% (m/s5) (W/m~2-K)

1 0.87 2.991E+@3

2 1.41 3.843E+03

3 1.88 3.947E+0Q2

4 2.30 4.306E+23

S 2.74 4 ,548E+Q3

8 2.74 4.582E+03

7 3.18 4 ,765E+03

8 3.83 5.008E+Q3 s
9 3.18 4.784E+0Q3 1
10 3.63 4.976E+023 1
11 2.74 4 .SSEE+Q3 1
2 ~.30 4.311E+@3 1
13 1.86 3.971E+@3 1
14 1.41 3.548E+23 1
15 0.37 2.987E+03 1

Least-Squares Line fcr Ho vs qQ curve:

Slope = -2 .B53BE-01
Intearcept = §5.8033E+d5

Least-squares line for q = at*delta-T"

a = 2.2839E+04
b = 7.5000E-21

NJTE: 1S data points wers storag 1n file FONMUN

= bt e per p s s
-

Ho
(W/m*2-K)
22E+24
.476E+04
.394E+024
.392E+04
.342E+Q4
.372E+24
.322E+04
.350E+0Q4
.334E+04
.326E+24
.345E+04
.3BGE+04
.413E+04
.4B5E+04
.585E+04

.9979
Q.

8181

s pa b = e = e = () 0O -)

g3 W o -

.936
. 337

Qp
(W/m"~2)

.061E+04
.456E+04
.451E+04
.Q32E+0S
.@88E+0S5
.Q82E+@S
. 138E+05
. 194E+QC
. 135E+05
.182E+05
.Q78E+0S
.QL16E+QS
.320E+04
.2S4E+24
.885&E+04

NOTE: 15 X-Y pairs were storad 1n data file

135

= 1.0000

& N0 ~)WwooWwmwom-Ja ~)o;mu

Tef
(Cc)

.35
.73
.78
.42
.10
.36
.61
.85
.51

-y

» de

-

9L

-

-

.59

-

.83
.34

48.
48.
48.
48.
48.
48.
48.
48,
48,
43,
48,
48.
48.
48.
48.



NOTE: Program name : DRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMUN3T1
This analysis includes end-fin effect
Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)
Qutside diameter, Do = 15.85 (mm)
This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using no insert inside tube
Tube Enhancement ¢! WIRE-WRAPPED SMOOTH TUBE
Tube material ¢ TITANIUM
Pressure condition : VACUUM
Nusselt theory 1s used for Ho

Ci (based on Petukhov-Popov) = Q.9111

Alpha (based on Nusselt (Tdel)) = 0.6359

Enhancement (g) = .624

Enhancement (Del-~T) = 702

Pata Vw Uo Ho Qp Tcf Ts
# (m/s) (W/m"2-K) (W/m"2-K) (W/m"2) oy (CH
1 3.64 4,.261E+03 9.9Q3E+03 1.Q@78E+0@5 12.89 48.51
2 3.19 4.Q4BE+03 9.829E+0Q3 1.034E+Q5S 10.73 48.86
3 2.75 3.864E+03 9.694E+03 9.823E+04 19.14 48.786
4 2.30 3.685c+23 1.016E+04 9.272E+24 3.13 48.43
S 1.88 3.435E+93 1.048E+04 B.615E+04 8.22 48.48
B 0.97 2.5819E+03 1. 170E+04 ©&.453E+04 5.52 48.49
7 1.42 3.070E+03 1, 087E+®4 7.722E+04 7.24 48.63
8 .97 2.84%E+0Q3 1.238E+04 B.524E+24 5.27 48.32
9 1.42 3.072E+03 1. 07’E+®4 7.736E+24 7.22 46.54
10 1.88 3.352E+03 9.76CE+Q3 €.67QE+Q24 g.88 49,08
11 2.3 3.716E+Q3 1.034E+04 S.40Q6E+04 3.10 48.44
12 <.75 3.859E+23 9.581E+33 9.987E+24 10.30 48.52
13 3.19 4.091E+03 9.305E+07 1.04BE+0QS 10.59 48.59
14 3.64 4,275E+03 9,.39G5E+03 1.28EE+0S 10.36 4§ .43

Least-Squares Line for Ho vs q curve:
Slope = -3.4927E-Q!
Intarcept 5.8044E+25

Least-squares line for g = a*delta-T"b
a= 1.7708E+04
b = 7.5000E-01

NOTE: 14 data points were stored in fila FONMUNSTI

NOTE: 14 X~Y pairs wers stcred i1n data file
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NOTE: Program name : DORPOK
Data taken by : D'KEEFE
This analysis done on file : FONMAH3TI
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)
Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using HEATEX insert inside tube

Tube Enhancement ¢ WIRE-WRAPPED SMOOTH TUBE

Tube material ¢ TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt theory 15 used for Ho

Ci1 (based on Petukhov-Fcpov) = 2.13277

Alpha (basad on Nusselt (Tdel)) = @.7239

Ennancement (q) = .872

Ennancament (Del-T) = .802

Data Vw Uo Ho Op Tef Ts
b4 (m/s) (W/m*2-K) (W/m2-K) (W/m"2) (C) (C:
1 3.62 S.173E+@3 9.24SE+03 3.780E+0S 49.83 339.386
2 3.18 S.QEBE+Q3 9.251E+03 Z.717E+QE 40.18 120.21
3 2.74 4.950€E+93 3.28SE+03 3.B534E+0S 29.1C2 120.09
4 2.30 4 .830E+2d3 9.456E+@3 3.538E+@S 37.41 §5.96
S 1.85 4 .B16E+03 9.478E+@3 3.377E+DS 35.64 93. 3!
6 1.41 4,30Q9E+23 8.947E+03 Z.22%E+35 J2.456 190.41
7 9.97 4.914E+33 1.047E+@4 2.923E+QC 23.96 1@9.13
8 1.41 4 .374E+03 9.784E+03 I.200E+QS 32.7@ 99.31
] 2.97 4.028E+03 1.0S1E+Q4 2.924E+dS 27.81 338.30
10 1.8% 4.619E+03 9.SQ6E+03 3.40Q0E+0S 35.76 9g.92
11 2.29 4.790E+0Z §.Z08E+@3 I.SIQE+QE 37.95 39. 3¢
12 2.74 4,971E+93 3.3E8SE+Q> 3.8BSE-2S 39.05 a5, 7c
13 J.18 5.954E+2Z 3.224E+03 3.T4%E+3S 42.5¢ 1¢90.:7
td Z.82 5.149E+23 3.1352+83 3.8Z1E+2S 1.88 10€.: %

Leaast-Squaras Line for Ho vs Q@ curve:
Slcpe = -3,3392E-Q1
Intercapt = 7.7974E+QS
L=ast-squares line for g = a*gZeita-T'b
a = 2.3441E+04
b = 7.5000E-Q!

NCTE: 1 dzva points wuera storec 1n f.ile FINMARIT!

NOTE: 14 X-Y pairs were storad in data file
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NOTE: Program name : ORPOK
Data taken by : O'KEEFE
This analysis done on file : FONMAN3TI
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)

Inside diameter, D: = 13.86 (mm)

Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMCMETER readings
Modified Petukhov-Popov ccefficient = 1.0000

Using no i1nsert inside tube

Tube Enhancement : WIRE-WRAPPED SMOCTH TUBE
Tube material : TITANIUM

Pressure condition : ATMOSFHERIC

Nusselt theory 1s used for Ho

C. (based on Petukhov-Pcpov) 1.9237
Alpha (based on Nusszlt (Tdel)) = 0.8976
Enhancement (Qq) = .354
Enhancement (Del-T) = .888
Data Vuw Uo Ho Qp Tcf Ts
¢ (m/s) (W/m*2-K) (W/m*2-K) (W/m~2 c) (C)
! 3.63 4 ,380E+03 9,459E+Q03 3.271E+0S 34.55 99,89
2 3.18 4,28BE+Q3 9.764E+Q3 3.183ZE+@S 22.60@ 29.60
3 2.74 4.068E+03 9.592E+03 3.044E+0S 21.73 180.24
4 2.3 3.881E+032 9.813E+03 2.889E+0S 29.44 93,97
5 1.88 Z.876E+23 9.65B4E+03 2.BESE+QS 27.57 100.05
B 1.4 3.275E4+33 1.023E+04 2.435E+0S 23.78 29,97
7 9.37 2.887E+03 1.169E+Q4 2.12QE+d5 18.13 896,53
8 1.41 3.275E+03 1.025E+04 2.441E+05 23.81 39.399
5 0.97 2.883E+0Q3 1.167E+Q4 2.123E+0S 18.20 120.00
10 1.86 J3.590E+03 9,795E+0Q3 2.B6B3E+@S 27.49 100.21
1 Z.30 3.862E+Q3 9.7Q8E+23 Z.888E+0S 29,76 100.26
12 2.74 4.087E+22 9.713E+03 Z.0QSB8E+0S 31.43 100.20
) Z.18 4.25QE+03 9,.53QE+@3 3.!TEE+DS 3,14 93,95
14 3.83 4 . Z89E+0Q3 3.5EQE~QT I.I9QE+dS 24.4C 89.37
Least-Squares Line for Ho vs g curve:
2lcpe = -2 376ZE-21
Interzept = 7.6223E+05
Le2ast-~sguarses line for g = a+delts-T'b
a = 2.2978E+04
b = 7.5000E-01
NOTE: 14 data gpoints were stcoreg in file FONMANIT

NOTE: 14 X-Y pairs were stored in data file
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NOTE: Program name : DRPOK
Data taken by : O’KEEFE
This analysis done on file : FONMUH3T2
This analysis includes end-fin effect
Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 135.86 (mm)
OQutside diameter, Do = 15.85 (mm)
This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Pcpov coafficiant = 1.0000
Using HEATEX insert inside tube
Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material : TITANIUM
Pressure condition : UACUUM
Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 1.8658

Alpha (based on Nusselt (Tdel)) = @.B182
Enhancement (q? = .B38
Enhancement (Del-T) = .714
Data Vw Uo Ho Qp Tecf
3 (m/s) (W/m~2-K) (W/m~2-K) (W/m~2) C)
1 0.97 3.76QE+03 1 .Q46E+04 8.85S9E+0Q4 8.47
2 1.41 4.094E+03 9.489E+03 9.805E+04 19.33
3 1.88 4.370E+Q3 9.286E+03 1.0Q49E+05 11.30
4 2.30 4 ,582E+0Q3 9.216E+33 1.114E+05 12.29
) 2.74 4 ,733E+03 9.123E+03 1.144E+0S 2.54
g 3.19 4.796E+03 9.8B70E+03 1.185E+0S 13.14
7 3.63 4,.986E+03 9.127E+03 1.207E+05 13.23
8 3.18 4.835E+03 8.993E+03 1.174E+0S 13.06
9 3.683 4.991E+03 9.142E+03 1.20BE+0S 13.19
10 2.74 4 . 7SZE+03 9. 191E+03 1.142E+0S 12.43
11 2.20 4 ,S73E+Q3 9.166E+03 1.0Q93E+0S 11.92
12 1.86 4,.391E+03 9.389E+03 1.04Q0E+0QS 11.10
13 1.41 4,130E+03 9.662E+03 9.732E+04 10.07
14 ©0.97 3.7S1E+23 1.036E+Q04 8.735£+04 8.43

L=ast-Squarss Line for Ho vs q curve:
Slope = -4, 1572E-M
Intarcept = G.8640E+0S
Least-squares line for q = asdelta-T"b
a = 1,7233E+24
b = 7.5000E-0!
NOTE: 14 data points wers stored i1n file FONMUH3TZ

NOTE: 14 X-Y pairs were storad in data file
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NOTE: Program name : DRPOK
Data taken by : Q*KEEFE
This analysis done on file : FONMAH4T!
This analysis includes end-fin affect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER ra=adings
Modified Petukhov-Popov coefficient = 11,0000

Using HEATEX inseri inside tube

Tube Enhancement : WIRE-WRAPPED SMOQOTH TURE

Tube material : TITANIUM
Prassura condition : ATMOSPHERIC
Nussalt theory is used fer Ho

Ci (based on Petukhov-Popov) = 2,3785

Alpha (based on Nusselt (Tdel)) = 0.8528

Enhancement (q) = 1.144

Enhancement (Del-T) = 1.106

Data Vw Uo Ho Qp
4 (m/s) (W/m"2-K) (W/m"2-K) (W/m"2)
i 3.62 S.824E+03 1.114E+24 4.309E+0S
2 3.18 S.742E+03 1.128E+04 4.235E+@S
3 2.74 5.616E+@3 1.126E+24 4.128E+0QS
4 2.30 5.443E+Q3 1.145E+04 5.9389E+2S
5 1.85 S.213E+23 1.152E+04 3.82SE+Q@S
6 1.41 4.821E+03 1.181E+0Q4 3.593E+0S
7 0.97 4 .,520E+03 L273E+04 3.276BE+0S
8 1.41 4.901E+23 1.171E+Q04 3.586E+05
9 2.97 4_.S13E+03 1.272E+04 3.274E+05
10 1.85 5.228E+03 1.160E+24 3.838E+0S
11 2.30@ S.444E+03 1.144E+94 4 .0Q006E+0QS
12 2.74 S.814E+03 1.136E+04 4.135E+05
13 3.18 S.713E+@3 1.116E+@4 4.290GE+QS
14 3.682 S.810E+23 1.108E+24 4,.28S0E+25

lLLeast-Squares Line for Ho vs q curve:
Slecpe = -2 B757€E-21
Intercept = 7.741BE+0S
Least-squares line for g = a*dejta-T"h
a= 2.7891E+24
B = 7,5000E-21!
NOTE: 14 data points were stored in file FONMAH4T]

NCTE: 14 ¥-Y pairs wera stcored 1n data file
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NOTE: Program name : DRPOK

Data taken by : O'KEEFE

This analysis done on file : FONMAN4T1
This analysis includes end-fin effect
Thermal conductivity = 21.0 (W/m.K)

Inside diameter, D1
OQutside diameter, Do

= 13.86 (mm)
= 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings

Modified Petukhov-Popov coefficiant

Using no 1insert inside tube
Tube Enhancement
Tube material : TITANIUM
Pressure condition : ATMOSPHERI
Nusselt theory 15 used for Ho

Ci (based on Petukhov-Fopov)} = 1,
Alpha (basad cn Nusselt (Tdel)) = 0.
Enhancement (q) = 1,
Enhancement (Del-T) = 1.
Data Vuw Uo Ho
# {(m/s) (W/m"2-K) (W/m"2-K)
1 3.63 5.080E+03 1.092E+04
2 3.18 4.936E+Q3 1.08%E+04
3 2.74 4 .757E+03 1.9292E+04
4 2.30 4 ,522E+@3 1.089E+924
S 1.85 4 .214E+03 1.9278E+04
8 1.41 3.872E+03 1.109E+04
7 0.97 3.497E+23 1.310E+04
8 1.41 3.361E+23 1.104E+04
] .97 J3.519E+03 1.343E+04
19 1.86 4.211E+Q3 1.279E+0Q4
11 2.30 4 STTE+D3 1.094E+04
12 2.74 1,751E+23 1.090QE+24
13 3.18 4.945E+Q2 1.9S3E+24
14 3.82 S.101E+03 1.993E+Qs

Laast-Squarses Line for Ho vs q curve:
Sleope = =2 4783E-92!
Interzapgt = 7.80Q32E~-2S

Least-squaras line for q = a<delta-T"
a = 2.5008E-234
b = 7.5200E-9!

C

3768
7912
045
934

Gl G I GETY R D OELEOEOEW

Qp

(U/m“Z )

.80Q4E+2S
.658E+05
.518E+0S
.336E+@5
.103E+0S
.B48E+0S
.S53E+0S
.B48E+0S
.S73E+05
.114E+0Q5
.348E+0S
.E13E+05
.BBZE+DS
.77BE+05S

NOTE: (4 data points were storad i1in file FONMANAT]
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NOTE: Program name : DRPOK
Data taken by : O0'KEEFE
This analysis done on file : FONMUH4T]
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coafficient = 1.0000
Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory is used for Ho

C: (based on Petukhov~-Popov) = 2.0810

Alpha (based on Nusselt (Tdel)) = @.8211

Enhancement (q) = 1.09S

Enhancement (Del-T) 1.871

Data Vuw Uo Ho Qp Tef Ts
3 (m/s) (W/ m*"2-K) (W/m"2-K) (W/m~2) (C) (C)
1 3.63 5.967E+23 1.241E+Q4 1 ,468E+0S 11.83 48.70
2 3.19 §.798E+03 1.229E+@4 1.417E+0@S 11.82 48.70
3 2.74 S.668E+03 1.251E+04 | .380E+0QS 11.03 48.74
4 2.30 S.424E+03 1.239E+24 1.313E+QS 12.59 48.7
] 1.86 S.192E+03 1.272E+04 1 .252E+05 g.85 48.73
6 1.41 4 .872E+@3 1.326E+04 1.168E+0Q5 8.81 48.74
7 0.97 4 .393E+03 1.440E+04 1.038BE+0QS 7.21 48.67
8 1.41 4.884E+03 1.337E+94 1.17SE+05 8.79 48.57
9 9.97 4,492E+Q3 1.451E+94 |.0Q44E+0QS 7.29 48.70
10 1.86 S.207E+23 1.282E+04 1.2B3E+0S 9.8% 48.72
11 2.30 5.448E+03 1.254E+04 1.327E+0S 19.58 48,893
12 2.74 S.6S53E+23 1.244E+24 1 .377E+0@S 11.07 48.59
13 3.18 S.793E+03 1.226E+04 1.40Q7E+0QS 11.48 48,76
14 3.83 §.943E+03 1.229E+04 1,441E+0S 11.73 48.72

Least-Squares Line for Ho vs g curve:
Slcope = -3,1730E-21
Intercept = 5.8664E+35
Least-squaras line for q = ae¢delta-T"b
a = 2.2845£+04
b = 7.5000E-Q1
NOTE: 14 data points were stored in file FONMUH4T!

NOTE: 14 X-Y pairs were storasd 1n data file
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NOTE: Program name : DRPOK
Data taken by : Q'KEEFE
This analysis done on file : FONMUN4T!
This analysis includes and-fin effect
Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)
Cutside diameter, Do = 15,85 (mm)
This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using no insert 1nside tube
Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material : TITANIUM
Pressure condition : VACUUM
Nusselt theory 1s used for Ho

Ci (based on Petukhov-Popov) = 1.1394
Alpha (based on Nusselt (Tdel)) = 0.8245
Enhancement (q) = 1,007
Enhancement (Del-T) = 1,005
Data Vuw Uo Ho Qp Tef
3 (m/s) (W/m"2-K) (W/m"2-K) {(W/m~2) (C)
1 3.64 S.1B67E+Q3 1.309€E+04 1.3Q7E+@5 9.39
2 3.18 4.973E+07 ' . 310E+Q@4 1.248E+0S 9.53
3 2.75 4 78QE+" 1.339E+@4 1.196E+0@S 8.93
4 2.30 4 .490E+Q> 1.333E+@4 1.121E+0S 8.41
g 1.86 4,130E+0Q3 1.322E+Q04 1.229E~-0S 7.79
) 1.42 3.722E+03 1.369E+04 9.235E+04 6.75
7 2.97 3.1868E+0Q3 1.500E+@4 7.81%E+0Q4 £.21
8 1.42 3.727€+23 1.377€E+04 9.236E+24 6.75
g 0.97 3.205E+0@3 1.544E+04 7.870E+0Q04 S.1
10 1.86 4,128€E+03 1.319E+Q04 1.Q@32E+0S 7.83
11 2.30 4,.483E+@3 1.330E+Q4 1. 127E+25 8.37
12 2.7% 4,737E+03 1.3@8E+24 1.197E+05S 9.1
13 3.18 4 .955E+03 1.299e+24 1.257E+0QS 9.88
14 2.€4 C.1G5E+D3 1.309E+Q4 1.311E+05 10.22
15 2.30 4 . 473E+Q3 1.321E+04 1.127E+0S 5.53
16 Q.97 3.210E+@3 1.559E+¢4 7.313E+04 5.97
17 3.84 S.150E+03 1.301E+24 1.315E+Q5 19.11

Least-3quares Line for Ho vs q curve:
Slope = -2, B6143E-21
Intarcept = §,7985E+0S
Least-squares line for q = ardelta-T"b
a = 2.2773E+04
b = 7.S5000E-21
NOTE: 17 data points wera stored in file FONMUNAT!L

NGTE: 17 X-~Y pairs were stored in data file
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NOTE:

Program name : DRPOK

Data taken by O'KEEFE

This analysis done on file : FONMAHST!

This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)

Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0002
Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt theorv 1s used for Ho

Ci (based on Petukhov-Pgcpov) = 2,257

Alpha (based on Nusselt (Tdel)) = @.8691

Enhancement (g) 1.173

Enhancement (Del-T) = 1.127

Data Vw Uo Ho Qp Tct
-4 (m/s) (W/m"2-K) (W/m"2-K) (W/m~2) (C)
1 3.60 S.914E+03 1.155E+04 4.113E+0QS 35.81
2 3.16 S.820E+Q3 1.165E+04 4.011E+0S 34 .43
3 2.72 5.727E+Q3 1.18%E+04 3.917E+@S J32.93
4 2.28 5.S544E+Q3 1.196E+24 3.769E+0%S 31.82
S 1.84 S.333E+@3 1.220E+04 3.613E+0S 29.682
6 1.49 S.012E+0Q3 1.244E+@4 3.3B87E+QS 27.07
7 0.96 4 .578E+@3 1.333E+04 3.0QS4E+0QS 22.9!
8 1.40 5.013E+Q3 1.24BE+Q4 3.37SE+0S 27.29
9 0.96 4 582E+Q3 1.335E+04 3.0S5%E+QS 22.88
19 1.84 5.323E+@3 1.216E+@4 3 .6Q7E+0QS 29.53
11 2.28 S.574E+Q3 1.209E+04 3.785E+0QS 31.3e
12 2.72 5.745E+@3 1.196E+@4 3.307E+QS I2.88
13 3.15 5.848E+923 1.173E+24 2.87SE+0%S 23.88
14 3.99 S.97CE+23 1.174E+04 4.264E+QC 34,32
18 3.18 S.326E+@3 1.154E+94 I,943E+Q¢< zZ.332
15 3.53 S.392E-22 1.180E+04 4 .QBBE+QS 34,47

L2ast-Squarass Line for Ho vs q curve:
Slaope = -2 _4930E-0!

Intarcaps =

Least-

a =
b =

NOTE:

NOTE:

7 .0800E+QS
squaras line for q = a<delta-T"b

2.8492E+04
7.5000E-01

16 data pointa were storag 1n fi1la FONMAHGT!

{6 X-Y pairs wera stored in gdata file

144

99.
120.
109.

83.
129.

w n
W

a
jv]

—
[S Y
[~

W

W W 0 WO W0 o W
D WD O W0 0 0

(C)

(Vo RNVERNY s By s IS
~1an U o




NOTE:

Program name : DRPOK

Data taken by : O'KEEFE
This analysis dcne on file : FONMANSTI
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)
Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARRTZ THERMOMETER readings
Modified Petukhov-Popov coafficient = 1.2000
Using no 1nsert 1nside tube

Tube Enhancement : WIRE-WRAPPED SMOQTH TUBE
Tube materaial : TITANIUM

Pressure condition : ATMOSPRERIC

Nusselt theory is used feor Ho

C: (based on Petuknov-Popov) = 1.0988
Alpha (basad on Nusselt (Tdel!) = @.8387
Enhancement (q) = 1,126
Enhancement (Del-T) = 1.083
Data Vi Uo He Qp Tef
b ¢ (m/s) (W/m~2-K) (W/m"2-K) (W/m~2) c)
1 3.16 4 ,852E+03 1.203E+04 3.3B2E+0S 27.95
2 2.72 4 ,685E+Q3 1.233E+04 3.22TE+0S 26.18
3 2.28 4,429E+Q3 1.238E+04 3.Q42E+QS 24.57
4 1.84 4, 108E+03 1.244E+04 2.80QSE+QS 22.58
5 1.40 3.720E+03 1.286E+04 2.533E+2%S 13.74
8 0.96 3.248E+03 1.494E+24 ?2.2Q3E+@S 14.74
7 1.40 3.708E+23 1.279E+24 2.S38E+0S 19.85
8 2.96 3.235E+@3 1.471E+24 2.2@0E+0QS 14.35
9 1.84 4, 106E+03 1.245E+Q4 2.BIBE+0QS 22.83
12 2.28 4,423E+03 1.237E+@4 3.0S2E+0QS 24.67
11 2.72 4 .682E+03 1.232E+Q@4 3.,235E+0S 26.26
12 3.51 S.210E+03 1.196E+@4 3.534E+0S 29.50
13 3.17 4,345£+03 1.219E+Q04 3.473E+2S 26.49
14 .51 5.004E+03 1.204E+04 Z.532E+0@S 29.84

Least-Squares Line for Ho vs g curve:
Slepe = -2.1506E-2!

Intearcept = 7.SS27E+0S

Least-squares line for q = a+delta-T"b

a =
h =

NOTE:

NOTE:

2.7811E+04
7.5000E-0!

14 data points were siored in file FONMANSTI

{4 X-Y pairs were storad in data file
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NOTE: Program name : DRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMUHSTL
This analys:is 1ncludes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 C o= 13.86 (mm)
Outside diameter, Do = 15,85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using HEATEX insert i1nside tube ’

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory 1s used for Ho

Ci1 (based on Petukhov-Popov) = 2.0139

Alpha (based on Nusselt (Tdel)) = 0.8415

Enhancement (q) = 1.132

Enhancement (Del-T) = 1,097

Data Vw Uo Ho Qp Tef
4 (m/s) (W/m~2-K) (W/m~2=K) (W/m=2) (C)

1 3.63 6.026E+03 1.281E+04 1.423E+05S 11.1¢

2 3.18 5.928£+03 1.304E+04 1.378E+0S 10.55
3 2.74 S.738E+03 1.301E+Q4 1.30@8E+0S 190.0S
4 2.30 5.5SBE+Q3 1.329E+04 1.254E+40S .43
5 1.85 §.283E+03 1.354E+04 1,186&£+05 8.76
6 1.41 4,928E+03 1.394E+04 1.093E+05 7.84
7 0.97 4,.410E+23 1.437E+04 9.825c+04 6.43
8 1.41 4.912E+33 1.381E+04 1.02891E+925 7.30
9 0.97 4,407E+03 1.493E+04 Q9.616E+04 £.44
19 1.85 5.301E+03 1.360E+04 |.188E+0S 8.74
11 2.30 S.S4Q0E+03 1.318E+04 1.248E+0S 9.47
12 2.74 S.772E+23 1.316E+24 1.30Q2E+0S 9.89
13 3.18 5.311E+033 1.292E+04 1.33BE+QS 10.34
14 3.82 6.113E+@3 1.314E+04 1.371E+25 10.43
15 o.29 5.556E+@3 1.325E+04 1.235E+9S 3.32
16 3.62 6.087E+@3 1.306E+04 1.364E+0S 19.33

Least-Squares Line for Ho vs q curve:
Slope = ~2 . 8741E-92!}
Intercept = §.8357E+@S
Least-squares line for g = asdelta-T b
a = 2 3376E+0Q4
b = 7.5000E-01
NQTE: 16 data points wera stored 1n file FINMUHST]

NOTE: 1§ X-Y pairs were sitoracd 1n data file
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NOTE: Program name : ORPOK
Data taken by : O'KEEFE
This analysis done on file : FONMUNST!
This analysis includes end-fin effect

Tharmal conductivity = 21.0 (W/m,K)
Inside diameter, Oi = 13.86 (mm)
Qutside diameter, Do = 15,85 (mm)

This analysis uses the QUARTZ THERMOMETER readxngs
Modified Petukhov-Popov ccefficient = 1.0000
Using no insert 1nside tube

Tube Enhancement : WIRE-WRAPFED SMOOTH TUBE

Tube material : TITANIUM

Pressure condition : VYACUUM

Nusselt theory 15 used for Ho

Ci (based on Petukhov-Fopov) = Q.977%

flpha (based on Nusselt (Tdel)) = @.8425

Enhancement (q) = 1.036

Enhancement (Del-T) = 1.0827

Data Vw Uo Ho Qp Tcf Ts
4 (m/s) (W/m"2-K) (W/m~2-K) (W/m~2) (C) (C)
] 3.63 4,.995E£+@3 1.364E+04 1,18QE+0Q5 §8.85 48.71
2 3.18 4 ,834E+Q3 1.401E+Q4 1 ,122E+0QS 8.21 48.82
3 2.74 4 . B638E+23 1.449E+24 |.@BSE+QS 7.37 48.63
4 2.30 4,365E+03 1.480E+04 9.953E+04 6.73 48 .6%
5 1.85 3.396E+23 1.484E+Q4 9.080E+04 6.12 48,72
6 1.41 3.561E+03 1.539E+@4 7.882E+04 5.189 43.62
7 2.97 2.9898E+@3 1.665E+@4 6£.514E+04 3.97 48.E3
8 1.41 3.54CE+Q3 1.511E+94 7.9B3E+04 g.27 42,82
9 @.97 2.9839€+023 1.670E+24 B.B37E+24 3.98 4g .87
1@ 1.85 4 .001E+Q3 1.493E+24 9.108E+Q4 6.19 48.87
11 2.30 4,334E+d3 1.446E+24 9.877E+04 6.83 48.63
12 2.74 4.628E+0Q3 1.4ZBE+Q4 1.0QS9E+QS 7.37 48.70
13 3.18 4.830E+03 1.392E+24 |,10Q4E+05 7.93 48,85
14 3.82 5.0S6E+Q3 1.401E+Q4 1.158E+QS 8.25 485.72
1S 2.29 4 ,348E+33 1. 455E+24 GS.797E+24 £.73 48 .65
18 0.37 3.924E+Q3 1.763E+24 6£.515E+04 3.75 48.5%

Least-Squares Line for Ho vs q curve:
lope = -2,4722E-01
Intarcept = § 79Z3E+QS
Least-squares line for q = ardelta-T"b
a = 2.3546E+04
b = 7.S000E-01
NOTE: 18 data points were stored in file FONMUNSTI]

NOTE: 18 X-Y pairs were storsd 1n data file
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NOTE:

Program name : DRPOK

Data taken by : O'KEEFE
This analysis done on fila : FONMAHET2
This analysis 1ncludes end=-fin affect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.86 (mm)
Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using HEATEX insert 1nside tube

Tube Enhancement : WIRE-WRAPPED SMQCOTH TUBE

Tube material : TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt theory 1s usec for Hc

Ci1 (based on Petukhov-Popaov) = 2.3893

Alpha (based on Nusselt (Tdel)) = 2,9933

Enhancement (gq) = 1.492

Enhancement (Del-T) = 1.289

Data Vw Uo Ho Qp Tcf
4 (m/s) (W/m"Z-K) (W/m"2-K) (W/m~2) (CH
1 1.8S S.680E+03 1.385E+d4 4.082E+2S 29.48
2 1.41 5.331E+03 1.432E+24 3.841E+05 26.83
3 @.97 4 .821E+Q3 1.517E+04 3.453E+0S 22.76
4 1.41 5.328€E+03 1.432E+24 3.544E+35 25.84
5 0.97 4.842E+03 1.54Q0E+@4 3.47SE-0S 22.58
B 1.85 S.679E+03 1.397E+24 4.132E+@5 29.58
7 2.29 §.932E+@3 1.374E+34 4 . Z2BE+QS 31.47
8 2.74 6.114E+23 1.354E~-34 4.4BSE+QS 22.98
9 3.18 6.271E+03 1.345E+24 4.,5854E+05S 34.28
10 3.62 6.37SE+03 1.330E+24 4.663E+0S 35.19
11 3.18 6.278E+03 1.247E+Q4 4.5ESE+0QS 34.23
12 3.62 6.382E+0Q3 1.335E+24 4.E74E+95 3c.01
13 2.74 5.130e+22 1.38QE+24 4.4B0E+2S 32.82
14 2.29 C.332E+02 1.372E+24 4.3Q8E+QC 21.49

Least-Squares Line for Ho vs § zurva:
Slope = -2,168389E-2!

Intercagt = 7.6361E+2S

Least-

a =
b =

NOTE -

NQTE :

squares l:ne for g = aegelza-T"h
I.2615E+0Q4
7.5000E-21

14 data points wera stored 1n file FONMAHBTZ

14 =Y pairs were sicreg in 3aca file
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NOTE:

Program name : DRPOK

Data taken by : Q'KEEFE

This analysis done on file : FONMAHKBT3
This analysis includes end-fin effact
Thermal conductivity = 21.0 (W/m.K)
Inside ciameter, Di 13.86 {(&m)
Outside diameter, Oc = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings

Mod:ified Petukhov-FPopov coefficient = 1.00
Using HEATEX 1inseri inside tube

Tube Enhancement WIRE-WRAFPED SMGOTH TUB
Tube material : TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt theory 13 used for Ho

C1 (based on Petukhcv-Popov? = 2.3618

Alpha (based on Nusselt (Tdel)) = 1.0251

Ennancament (gq) = 1.425

Enhancement (Del-T) = 1,304

Lata Vuw Uo Ho Qp
-4 (m/s) (W/m"2-K) (W/m"2-K) (Wim"2)
1 3.82 6.405E+23 1.35QE+34 43.721E+Q%
2 3.18 6.278E+03 1.358E+04 4.6QlE+QS
3 2.74 E.1S4E+Q3 1.383E+04 4.SQQE+Q2%S
4 2.2 5.94SE+232 1.394E+24 4.334E+0S
5 1.85 S.704E+03 1.425E+04 4, 142E+0Q5
6 1.4 5.321E+03 1.446E+04 3.857E+QS
7 .97 4.825E+23 1.557E+04 3.481E+925
8 1.41% S.333E+23 1.4S5FE+Q4 Z.3T4E+2E
9 2.30 5.951E+23 1.397E+24 4.349E+3%
10 3.18 6.274E+@3 1.355E+04 4.511E+0S

Least-Squares Line fcr Ho vs g curve:

Ciope = -2.1554E-01
Intarzep: = 7.5315£+0S

Least-sguares line for 3 = ae+delta-T'b

a =
h =

NCTE:

NCTE:

S.I011E+04
7.5000E-21

19 data goints wers storac in fila FONMARHETZ

1@ X-Y pairs were stcred in data file
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NOTE:

Program name : DRPOK

Data taken by : Q'KEEFE

This analysis done on file : FONMANGTI

This analysis includes end-fin effect

Thermal conductivity = 21.0 ‘W/m.K)

Inside diameter, O: 13.86 (mm)

Outside diameter, Do 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings

L}

Modified Fetukhov-Popov coefficient = 1.0000
Using no 1insert 1nside tube

Tube Enhancement : WIRE-WRAPPED SMOCTH TUBE
Tube material : TITANIUM

Pressure condition : ATMQSPHERIC
Nusselt thecry 135 used for Ho

Ci1 (based on Petukhcv-Popov) = 1.1204

Alpha (based on Nusselt (Tdel)) = 11,0190

Enhancement (g = 1.4865

Enhancement (Del-T) = 1,331

Data Vw Ue Ho Gp Tef Ts
$ {m/s) (W/m"2-K) (W/m~2-K) (W/m~2) (C) (C»
i 3.62 S.43BE+23 1.471E+@4 3.946E+0% 26.83 8g8.85
2 3.17 5.295c+03 1.S27E+04 3.831E+25 25.1 99.96
3 2.73 S.044E+23 1.831E+04 3.B43E+2C 23.7¢% 9g9.491
4 2.29 4.772E+03 1.571E+04 3.44BE+2S 21.83 €.93
5 1.85 4,.410E+0Q3 1.601E+Q04 3.18BE+25 19.89 120.22
& 1.41 3.939E+03 1.638E+@4 2.839E+0S 17.33 g9c.a3
7 @.97 3.365E+@3 1.8652E+04 2.418E+0QS 13.81 1920.2C
g 1.41 3.918E+22 1.808E+94 2.837E+3C 17.83 12@.37
9 Q.97 3.370E+23 1.881E+@4 2.401E+0S 12.387 g8¢.g7
12 1.85 4.40Q04E+03 1.605E+@4 3.187E+05 1§.82 395.33
11 2.29 4.762E+Q3 1.568E+04 3.458E+05 22.04 89,31
12 .73 S.Q56E+22 1.548E+24 3.569E+05S 23.71 Q¢ .37
1z 3.17 S.290E+03 1.523E+@4 3.878E+9S ’s.12 Gc .29
14 I.82 C.472E+Q3 1.435E+04 3.862E~QS 265.59 <29,3¢e

Laast-Squares Line for Ho vs 3 curve:
Siope = -1.74168E-9!
Intercept = 7.5468E+0S

Laast-squares line for q = a+delia-T"b
a = 3.40ZE8E+04
E = 7.S000E-21

NCTE: 14 data points were stored i1n file FONMANGTL

MOTE: 14 X-v pairs were stcreg :n data file
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NOTE:

Ci1 (based on Petukhov—-Popov) = 2.1622
Alpha (based on Nusselt (Tdel)) = 0.9498
Enhancement (q) = 1.33
Enhancement (Del-T) = 1.23
Data Vuw Uo Ho Qp Tef Ts
4 (m/s) (W/m"2-K) {(W/m"2-K) (W/m™2) (C) (C)
1 3.63 6.503E+03 1.46BE+04 1.B0Q2E+0S 10.82 4g2.78
2 3.138 6.324E+23 1.459E+04 1.530E+25 10.48 48 .55
3 2.74 6.140E+03 1.468E+Q04 1.489E+@S 10.14 48.73
4 2.30 5.961E+03 1.514E+04 1.430E+0S 3.45 48 .55
) 1.858 5.6268E+03 1.512E+@4 1.352E+0S 8.94 48.7S
6 @.97 4,793E+33 1.707E+@4 1.@38SE+QS 6.44 48.55
7 1.41 5.222E+23 1.549E+94 1.24BE+2S 8.04 48.687
8 2.30 5.93QE+23 1.495E+94 1,432E+0QS 9.57 432.64
9 3.18 6.329E+@3 1.462E+@4 1.542E+Q5S 12.53 43,87
10 1.41 £.228E+03 1.5C54E+Q4 1.241E+@5 7.99 48 .89
Least-Squares Line for Ho vs g curve:
Slope = -2.4792€-01!
Intercept = §.82SEE+05
aast-sguares line for g = a+delta-T°b
a = 2.5385E+04
b = 7.,5Q000E-Ql
NOTE: 10 data points were stored in file FONMVHET!
NOTE: 1@ X-Y pairs were stored i1n data file

Program name DRPOK
Data taken by O'KEEFE
This analysis done on file FONMUHBT!

This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)

Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modifi2d Petukhov-Popov coefficient = 1,0000
Using HEATEX 1nsert inside tube

Tube Enhancement WIRE-WRAPPED SMOOTH TUBE
Tube material TITANIUM

Pressure condition VACUUM

Nusselt theory 1s used for Ho
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NOTE: Program name : DRPOK
Data taken by : O'KEEFE
This analysis done on file : FONMVHBTZ )
This analysis includes end-fin effect
Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 13.868 (mm)
Qutside diameter, Co = 15.85 (mm)
This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using HEATEX inserti inside tube
Tube Enhancement : WIRE-WRAPPED SMOCTH TUBE
Tube mater:ial : TITANIUM
Pressure condition : VACUUM
Nusselt thecry is uszed for Ho

Ci (based on Petukhov-Popov) = 2.2144

Alpha (based on Nusselt (Tdel)) = ©.39450

Enhancement (qg) = 1.323

Enhancement (Del-T) = 1,233

Data Vw Uo Ho Qp Tef Ts
b 4 {m/s) (W/m"2-K) (W/m™2-K) (W/m"2) (C» (C
1 3.63 6.476E+@3 1.438E+04 1.510QE+05 11.292 48.7
2 3.19 §.318E+23 1.439E+24 1.572E+@5 10.31 48.89
3 2.75 §.157E+03 1.459E+0Q4 1.S516E+Q5 12.39 48.64
4 2.30 5.945E+23 1.481E+04 1.454E+0Q5 3.82 48.58
S 1.86 5.645E+03 1.498E+Q4 1.380E+2S .21 48.55
6 1.42 S.22BE+@3 1.518E+24 1.278E+Q5S 8.42 48,74
7 9.97 4,712E+@3 1.663E+94 1.128E+QS 6.77 48.5%
8 1.42 5.25Q0E+@32 1.53BE+04 1.237E+0QS 8.37 48.7
9 @.37 4.715E+03 1.667E+Q4 1.12BE+05 8.77 48 .55
10 1.86 5.635E+@3 1.492E+Q04 1.382E+@S 9.26 48 .82
11 2.30 5.832E+23 1.474E+04 1.457E+25 9.88 438.56
12 2.75 6.159E+@3 1.461E+Q4 1 .523E+0S 10.42 4€.§
13 3.19 6.331E+23 1.447E+24 1.572E+QS 10.86 48.71
14 3.83 6.490E+03 1.445E+94 1.B10E+0S 11.14 48.57

Least-Squares Line for Ho vs q curve:
Slope = =-2,49Z0E-01
Intercept = G5.8254E+05
Least-3squares line for g = asdelta-T"b
a = C.5067E+Q4
5 = 7.5009E~01
NOTE: 14 data points were stored in file FONMUHBET2

NOTE: 14 X-Y pairs wers stored 1n data file
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NOTE: Program name : DRPCK

Data taken by : O'KEEFE
This analysis done on file : FONMUNEGT!
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diametar, DOi = 13.86 (mm)
Qutside diameter, Do = 15,85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient =

Using no insert inside tube
Tube Enhancement
Tube material TITANIUM
Pressure condition : VACUUM

Nusseit theory is used for Ho

Ci (based on Petukhcv-Popov)
Alpha (based on Nusselt (Tdel))

= pes Pt e

Enhancement (gq) =
Enhancement (Del-T) =
Data Vuw Uo Ho
3 {m/s) (W/m"2-K) (W/m"2-K)
1 3.83 5.471E+03 1.674E+024
2 3.19 5.271E+403 1.713E+04
3 2.7% 5.035£+03 1.768E+24
4 2.30 4.697E+03 1.768E+04
5 1.86 4.296E+23 1.786E+04
& 1.42 3.804E+03 1.838E+04
7 0.97 3.210E+03 2.134E+04
8 1.42 3.800E+33 1.834E+04
g 0.97 3.201E+03 2.101E+04
10 1.88 4,293E+03 1.73CE~24
11 2.30 4.593E+93 1.771E+04
2 2.75% 5.044E+03 1.784E+94
13 3.19 E.276E=+Q3 1.721E+04
14 3.63 5.473E+Q32 1.6877E+24

Least-Squares Line for Ho vs g curve:
Siope = -2.07E0E-01
Intercept = §.7953E+3S

Least~squaras line for g = atdelta-T"
a = 2.B413E+04
b = 7.5000E-0Q!

NOTE: 14 data points wera 5tor5d in file FONMUNBT!

[l I S B 7 s BN T B i

WIRE-WRAPPED SMOOTH TUBE

.0427
L0131
.32

.235

Qp
(W/m"2

.36QE+05
. 308E+05
.244E+@S
. 15BE+0@5
.@53E+0S
.338E+04
.TTOE+Q4
.400E+04
757E+04
.Q70E+0S
.169E+@S
. 255E+025
.313E+@5
.370E+Q5

NOTE: 14 X-Y pairs were stcocred 1n data file
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NOTE: Program name : DRPOK

Data taken by : Q'KEEFE
This analysis done on file : FONMAH7T!
This analysis includes end~fin effect

Thermal conductivity = 21.8 (W/m.K)
= 13.86 (mm)

Inside diameter, Di

Qutside diameter, Do = 15.85 (mm)
This analysis uses the QUARTZ THERMGMETER readings
Mcdified Petukhov-Popov coefficient =

Using HEATEX 1nsert inside tube
Tube Enhancement
Tube material TITANIUM
Pressure condition : ATMOSPKERI
Nusselt theory is used for Ho

Ci (based on Petukhcv-Popov) = 2,
Alpha (based on Nussealt (Tdel)) = @
Enhancement (qg) = 1
Enhancement (Del-T) = 1
Data Vw Uo Ho
-4 (m/s) (W/m"2-K? (W/m"2-K)
1 3.61 6.967E+23 1.228E+04
2 3.17 5.979E+@3 1.243E+024
3 2.73 5.823E+03 1.245£+04
4 2.28 5.662E+03 1.267E+24
S 1.84 5.397E+03 1.271E+04
6 1.40 S.073E+03 1.306E+04
7 0.97 4.609E+03 1.428E+04
8 1.41 S.951£+83 1.3C1E+04
9 .97 4 .6Q4E+03 1.446E+0Q4
10 1.41 5.045E+03 1.323E+04
11 1.85 £.380E+03 1.290E+024
12 2.3 S.618E+Q3 1.267E+04
13 2.74 S.8Z9E+03 1.2B65E+924
14 J.13 §.3974E+23 1.253E+24
i€ 3.82 5.062E+03 1.232E+Q4
18 3.13 S.873E+23 1.252E+24
17 3.62 £.870E+Q3 1.235E+9¢
13 2.74 S.845E+03 1.271E+04
13 2.39 S.630E+Q3 1.272E+94
2 1.8 5.38B0QE+23 1.28BE+24

{east-Squares Line for Ho vs g curve:
Slope = -2, 2891E-01
Intercept = 7.68695£+3S

Least=-scuares line for g = asdelta-T"
a = 3.02:1E+04
b = 7.S900E-9!

NOTE: 20 data points were stored in file FONMAHTT!L
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NOTE: Program name : DRRO#TY
Data taken by : O'KEEFE
This analysis done on file : FONMAN7TI
This analysis includes end-fin effect

Thermal conductivity = 21,0 (W/m.K)
Inside diameter, D1 = 13.86 {mm)
Qutside diameter, Do = 15,85 (mm)

This analysis uses the QUARTZ THERMCOMETER readings
Modified Fetukhov-Popov coefficient = 1.0000
Using no insert i1nside tube

Tube Enhancement : WIRE-WRAPPED SMOQTH TUBE

Tube material : TITANIUM

Prassure condition : ATMOSPHERIC

Nusselt theory is used for Ho

Ci (based on Petukhov-Fopov) = 1,1913

Alpha (based on Nusselt (Tdel)) = 0.g8EB@

Enhancement (q) = 1,179

Enhancement (Del-T) 1,121

Data Vw Uo Ho Gp Tcf Ts
¥ (m/s) (W/m"2-K) (W/m"2-K) (W/m2) (C) (C)
1 3.83 5.149E+03 1.232E+04 3.830Q0E+0S 31.09 95. 56
2 7.18 4 ,363E+B3 1.228E+04 3.879E+05 29.95 9g9.92
3 2.74 4.764E+03 1.240E+Q4 3.532E+0@5 26.48 120.26
4 2.30 4 .SQ0E+03 1.,242E+404 3.338BE+0S 26.88 10¢.08
1 1.86 4.189E+03 1.259E+Q24 3.100E+0Q5 24.863 395.98
8 1.41 3.795E+23 1.299E+24 Z.80@8E+0S 21.681 10@.88
7 0.57 3.319E+23 1.507E+24 C.3442E+2S 16.21 33. 31
8 1.41 3.78BBE+d3 1.292E+94 2.BOBE+2S 21.73 100.26
9 0.97 3.308E+23 1.488E+04 2.438E+0S 16.39 89.97
19 1.86 4,185E+03 1.261E+Q4 3.113E+0S 24.89 99,97
11 2.30 4.491E+23 1.240E+04 3.3J45E+0S 26.33 100.9¢
12 2.74 4,784E+03 1.243E+@4 3.540QE+QE 29.47 93,50
13 3.18 4 .9B8E+03 1.234E+04 Z.59BE+@S 29.387 100.2:2
14 3.83 S.151E+23 1.232E+24 Z.831E+QE 31.29 1900.24

Least-Squares Line for Ho vs g curve:
Slope = -2,1515c-01
Intercept = T7.8742E+0S
L=ast-squares line for g = ardelta-T"b
a = 2.,8701E+04
b = 7.5200E-21

NOTE: 14 data pcints were stored in fiia FONMANTTI

NOTE: 14 X-Y pairs were storad in data fila
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NOTE:

Program name : DRBGY

Data takan by : O’KEEFE

This analysis done on file : FONMUHTTZ

This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 13.86 (mm)

Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOCTH TUBE
Tube material ¢ TITANIUM

Pressure condition : VACUUM

Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 1,95853

Alpha (based on Nusselt (Tdel)) = @.85652

Enhancement (g} = 1.156

Enhancement (Del-T) = 1,118

Data Vw Uo Ho Qp Tef
% (m/s3) (W/m"2-K) (W/m"2-K) (W/m™2) (C)
1 2.30 5.839E+03 1.355E+04 1,303E+2S 9.61
2 1.86 5.230E+23 }.353E+04 1.213E+25 8.97
3 1.41 4 ,.865E+03 1.405E+24 1.131E+0S §.0%
4 0.97 4,349E+03 1.526E+%4 | .DQBE+0QS 6.59
5 1.4 4.842E+03 1.387E+04 1.135E+0S B.18
6 1.41 4 .871E+@3 1.412E+04 1.136E+2S 8.25
7 1.86 S.237€+03 1.366E+04 1.233E+2S 3.07
8 2.30 S.51BE+03 1.343E+04 |, 30SE+0OS 9.71
9 2.74 S.738E+03 1.332E+04 1,.3B84E+25 10.25
10 3.18 S.88BE+23 1.309E+04 1,408E+2S 19.76
11 3.82 5.067E+0Q2 1.320E+24 1.481E+QS 19.32
12 3.18 5.372E+03 1.301E+Q4 1,.40%E+05 10.7
13 2.74 S.721E+03 1.322E+04 1 ,35%E+@5 10.25
14 2.30 5.544E+03 1.3S9E+24 1.307E+QS 9.62

Least-Squares Line for Ho vs q zurve:
Slope = -2 .8347E-0!
Intercept = ©&.8361E+d5

Least-squar=s line for g = ardelta-T"b
a = 2.3773E+04
b = 7.S5000E-2!

NOTE: 14 data points were stored in file FONMUH7TZ

NOTE: 14 X~-Y pairs were stored 1n data file
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NOTE: Program name : DRFEST
Data taken by : D°KEEFE
This analysis done on file : FONMUNTTI
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)

Inside diameter, D1 = 13.86 {mm)

Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000

Using no insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material ¢ TITANIUM

Pressure condition : VACUUM

Nusselt theory 1s used for Ho

Ci (based on Petukhov-Pogov) = .9775

Alpha (based on Nusselt (Tdel)) = @.8700

Enhancement (q) = 1,081

Enhancement (Del-T) = 1.060

Data Vw Uo Ho Qp Tef
'3 (m/s) (W/m~2-K) (W/m*2-K) (W/m~2) ()
1 3.63 5.0869E+03 1.436E+04 1.24QE+QS g8.64
2 3.19 4.829E+03 1.413E+Q4 1 .180E+05S 8.35
3 2.74 4 . B5BE+Q3 1.490E+04 1.125E+0S 7.55
4 2.30 4.341E+03 1.480E+04 1.052E+@S 7.1
S 1.86 2.967E+03 1.477E+04 9.574E+24 §.48
B 1.4 3.557E+03 1.583E+24 3B.E37E+04 .38
7 0.97 2.997€+03 1.783E+04 7.Q72E+d4 3.37
8 1.41 3.562E+23 1 .596E+Q4 &.553E+04 5.36
9 0.97 2.977E+03 1.719E+04 7.082E+024 4.12
10 1.886 3.983E+83 1.505E+04 9.639E+04 .41
" 2.30 4 ,339E+23 1.480E+04 1.QS1E+QS 7.10
12 2.74 4.B33E+03 1.465E+04 1.127E+0@S 7.70
13 3.19 4,.828E+03 1.410E+24 1.18QE+QS 8.37
14 3.83 5.090E+23 1.447E+04 1 .238E+QS 8.54

Least~-Squares Line for Ho vs q curve:
Slope = -2 4125E~01
Intercept = §.7963E+0S
Laast-squares line for g = ar*delta-T"b
a = 2.4307E+04
b = 7.5200E-0!

NOTE: 14 data points were storad in file FONMUNTT!

NOTE: 14 X-Y pairs wera stored 1n data file
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NOTE:

Frogram name : DR@Q&

Data taken by : O'KEEFE
This analysis done on file : FONMAHLTZ
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di 2 13.47 (mm)
Outside diamster, Do = 15,85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000

Using HEATEX inserti inside tube

Tube Enhancement : LPD KORODENSE TUBE
Tube material : TITANIUM

Pressure condition : ATMOSPHERIC
Nusselt thecory 15 used for Ho

€1 (based on Petukhov-Pcpov) = 2,9032

Alpha (based on Nusselt (Tdel)) = 0.9029

Ernnancement (q) = {1,238

Enhancement (Del-T) = 1,171

Data Vuw Uo Ho Qp

: (m/s) (W/m 2-K) (W/m"2-K) (W/m~2)
1 1.03 4.74B6E+0Q3 1.321E+04 3.432E+0S
2 1.43 S.182E+@3 1.291E+04 3.747E+05
3 1.98 S.431E+03 1.255E+04 3.90Q09E+0S
4 2.43 S.611E+03 1.258E+04 4.023E+05
5 2.839 5.757E+03 J.231E+04 4.123E+0S
6 3.36 5.842E+03 1.213E+04 4. 17SE+QS
7 3.82 5.913E-33 1.204E+04 4, 222E+05
8 3.35 S.833E+Q3 1.208E+04 4.143E+0S
g 3.82 5.926E+03 1.296E+04 4.20Q08E+05
10 2.89 5.755E+903 1.226E+04 4.283E+05
[ 2.42 5.629E+Q@3 1.242E+04 3.9B8GE+0QS
12 1.96 S.433E+23 1.254E+04 3.8B1E+05
13 1.49 S.17BE+D3 1.282E+Q4 3.7@BE+2%S
14 1.03 4,765E+02 *.326E+Q04 3.40Q1E+QS

Least-Squares Line for Ho vs q curve:

Slope = =2, 4802E-Y

Intercept = T7.722BE+@S
Least~-squares line for g = atdelta-T"b

a = 2.95B3E+04

b = 7.5000E-d!
NOTE: 14 data point: were stored i1in fi1le FONMAHLTZ
NOTE: 14 X-Y pairs were stored in data file
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NOTE: Program name : DRQQgI
Data taken by : O'KEEFE
This analysis done on file ¢ FONMAHLT3
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diametar, D1 = 13.47 (mm)
Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings

Modified Petukhov-Popov coefficient = 1,00
Using HEATEX 1insert inside tube

Tube Enhancement : LPD KORODENSE TUBE

Tube material : TITANIUM

Pressure condition : ATMOSFHERIC

Nusselt theory is used for Hc

Ci (based on Petukhov-Popov) 2.8921
Alpha {(based on Nusselt (Tdel)) = ©.91589
Enhancement (g = 1,259
Enhancement (Del-T) = 1.188
Data Vuw Uo Ho (¢]]
% (m/s) (W/m*2-K) (W/m*2-K) (W/m"2)
1 3.83 S.902E+03 1.203E+04 4.313E+05
2 3.36 5.842E+03 1.219E+Q4 4.25GE+@25
3 2.380 S.778E+@3 1.247E+@4 4. 20BE+0S
4 2.43 S.B625E+Q3 1.250E+94 4.Q85£+0S
5 1.98 5.46BE+03 1.280E+Q4 3.958E+05
6 1.49 S.195E+03 i.3026+04 3.754E+05
7 1.03 4.782E+@3 1.34BE+04 3.428E+9S
8 1.96 S.431E+03 1.262E+04 3.943E+0S
9 2.43 5.847E+03 1.262E+04 4.114E+QS
10 2.9@ 5.783E+@3 1.250E+04 4.213E+05
T 3.83 §.929E+23 1 .21GE+Q4 4.33SE+@S
Laast-Squaras Line for Ho vs g curve:
Siope = -2,4475E-91
Intercept = 7.7234E+0S
La2ast-squaras line for g = asdelta-T"b
a = 2.,9951E+04
b = 7.50Q0E-2!
NOTE: 11 data points were stored in file FONMAHLTS
NOTE: 1! X-Y pairs wers stored in data file
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NOTE:

Program name : DRDYY

Data taken by : O*KEEFE

This analysis done on file : FONMANLTZ2

This analysis :ncludes end-fin effect

Thermal conductivity 21.90 (W/m.K)
Inside diameter, Di 13.47 (mm)

Qutside diameter, Do = 15.85 (mm)

This analysis usas the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using no insert inside tube

Tube Enhancement : LPD KORODENSE TUBE

Tube material : TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt theory is used for He

C1 (based on Petukhov-Popov) 2.0558
Alpha (based on Nusselt (Toel)) = 2.313!
Enhancement (q) = 1,278
Enhancement (Del-T) = 1,201
Data Vuw Uo He Qp Tcf
b4 {m/s) (W/im"2-K) (W/m"2-K) (W/m~2) (C)»
1 2.43 §5.306F+03 1.317€+04 3.858E+@5 29.3@
2 1.96 5.055E+23 1.324E+34 3.8G4E+0S 27.8%8
3 1.49 4.7539E+03 1.376E+04 3.428E+05 24.91
4 1.03 4,246E+03 1.411E+Q4 3.054E+0S 21.64
] 1.49 4.724E+Q3 1.350E+Q@4 3.419E+@5 25.32
6 1.03 4 . 2S3E+23 1.420E+04 3.Q257E+0S 21.83
7 1.96 S.0S3E+d3 1.325E+04 3.BT7E+0S 27.74
8 2.43 5.297E+03 1.310E+04 3.847E+0QE 29.35
9 2.90 S.4S1E+23 1.283E+24 3.9G60E+05 30.85
19 3.36 5.578E+03 1.266E+24 4.Q51E+0S 31.89
11 3.83 5.83ZE+03 1.231E+234 4.Q8BE+DS 33.22
12 3.36 S.568E+23 1.261E+@4 4.042E+0E 32.8¢E
13 3.83 5.83BE+33 1.232E+P4  4.08B8E+DS 3Z.18
14 2.89 5.4B2E+33 1.2862+24 3.S51E+@S 30.72
Least-Squares Line for Ho vs g curve:
Slope = ~-2,2883E-N
Intercept = 7.054BE+95
Least-squaras line for g = a-delta-T"b
a = 3.Q02683E+0Q4
b = 7.5000E-81
NOTE: 14 data points wer= storeg in file FONMANLTZ
NOTE: 14 X-Y pairs wera stored i1n data file
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NOTE: Program name : DRAMT
Cata taken by : O'KEEFE
This analysis done on file : FONMANLT3
This analysis includes end-fin effect
Thermal conductivity 21.0 (W/m.K)
Inside diameter, D1 1Z2.47 (mm
Qutside diameter, Do = 15.85 (mm)
This analysis uses tnhe QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1,0000
Using no insert inside tube
Tube Enhancement : LPD KORQDENSE TuBE
Tube material : TITANIUM
Pressure condition : ATMOSPHERIC
Nusselt theory 1s used for Ho

Ci (based on Patukhov-Popov) = 1.33930

Alpha (based on Nuss=lt (Tdel)) = 0.9411

Enhancement (g) 1.317

Enhancement (Del-T) = 1.23

Data Vw Uo Ho Qp Tef Ts
b (m/s) (W/m~2-K) (W/m"2-K) (W/m"2) (C) (C)

1 2.43 S.283E+@3 1. 333E+04 3.8S5CZE+0S 28.91 99.8S

2 1.86 5.048E+023 1 .355E+Q@4 Z.B62E+@S 27.02 83.34
3 1.43 4,.761E+03 1.425E+04 Z.433E+05 24.127 100.03
4 1.03 4 ,246E+03 1.47SE+04 3.24BE+0S 20.64 99.96
5 1.49 4.751E+03 1.417E+04 3.432E+0S 24.22 100.00
6 1.03 4 . 253E+03 1.482E+24 3.048E+0S 20.56 939,97
7 1.88 5.078E+03 1.378E+04 3.574E+0S 26.72 §3.33
8 2.43 S.316E+03 1.349E+Q04 3.853E+0S 28.57 120.03
9 2.89 S.4B4E+03 1.313E+@4 3.963E+25 30.18 §5.934
10 2.36 5.5393E+@3 1.294E+04 4.963E+QS 31.40 100.08
1 3.83 S.B64E+03 1.263E+24 4.113E+05 2J2.87 100.94

Laast-Squares Line for Ho vs q curve:
Slopa = -2 2725E-9!
Intercept = 7.6733E+0S
Least-squaras line for q = aedelta-T"b
a = 3.1076E+04
b = 7.5000E-2!
NOTE: 11 data points were stored in file FONMANLT3

NQTE: 11 X-Y pairs were stored in data file
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NOTE:

Program name : DRPYT

Data taken by : O'KEEFE

This analysis done on file : FONMUHLT!

This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D: = 13.47 (mm)

Qutside diameter, Do = 15,85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using HEATEX insert 1nside tube

Tube Enhancement i LPD KORODENSE TUBE

Tube material : TITANIUM

Pressure conditiocn : VACUUM

Nusselt theory 1s used for Ho

Ci (based on Petukhov-Fopov) = 2.7173

Alpha (based on Nusselt (Tdel)) = @,9449

Enhancement (q} = |,321

Enhancement (Del-T) = 1.232

Data Vw Uo Ho Qp Tef
3 (m/s) (W/m 2-K) (W/m"2-K) (W/m"2) (o]
i 1.03 4.900E+03 1.624E+04 1.195E+0S 7.36
2 1.50 S.38BE+03 1.546E+04 1.31BE+QS §.51
K] 1.87 S.700E+03 | .SQEE+@4 1.397E+0S §.2
4 2.44 S.912E+03 1.473E+Q4 1 .,45BE+QS 9.8%
S 2.91 6.143E+03 1.492E+04 1 ,5Q03E+0%S 190.07
8 3.38 6.209E+Q3 1.442E+04 1 ,525E+05 19.58
7 3.84 6.311E+23 1.431E+24 1 ,.55Q2E+0S 12.83
o] 3.37 B6.240E+03 1.459E+@4 1.519E+25 10,41
9 3.84 6.326E+03 1.438E+04 1 .543E+@S 10.73
10 2.91 6.112E+03 1.472E+24 1 .48SE+0S 12.@9
11 2.44 S.937€E+03 1.485E+04 1.430E+0S 3.63
12 1.97 S.728E+03 1 .520E+@4 1.375E+0S 9.05
13 1.50 S.370E+@3 1 .525E+Q4 1.277E+0S 8.38
14 1.03 4.890E+03 1.597€+04 1, 182E+QS 7.2

Least~-Squares Line for Ho vs g curve:

Slope = -2 GQ49E-A
Intercept = §.8423E+0S

Least-

a =
b =

NOTE :

NOTE:

squares line for g = asdelta-T"b
2.6230E+34
7.5800E-01

14 data points were storad in file FONMUHLT!

14 X~Y pairs were stored in data file
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NOTE: Program name : DRPOH
Data taken by : Q'KEEFE
This analysis done on file : FONMUHLTZ
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.47 {(mm)
Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using HEATEX insert inside tube

Tube Enhancement : LPD KORODENSE TUBE

Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory 1s used for Ho

Ci (based on Petukhov~Popov) = 2.6688
Alpha (based on Nusselt (Tdel)) = 0.94SF
Enhancement (q) = .°29
Enhancement (Del-T) = 1,238
Data Vw Uo Ho Qp Teof
4 (m/s) (W/m"2-K) (W/m~2-K) (W/m*2) (CH
1 3.84 6.322E+03 1.44BE+Q4 1.542E+05 10.8¢6
2 3.37 6.238E+33 1.469E+04 1.S513E+@S 19.34
3 2.9 6.078E+03 1.46BE+Q4 1.473E+0%S 10.08S
4 2.44 S.327E+03 1.485E+Q4 1.428E+0QC 9.58
5 1.97 S.730E+d3 1.541E+Q4 1.371E+0S 8.92
8 1.50 S.388E+Q3 1.565E+04 1.281E+0@S 8.18
7 1.03 4 . B78E+0Q3 1 .EZZE+0Q4 1,149E+0S 7.08
8 1.97 5.706€E+23 | .5ZSE+Q4 1 ,377E+0S 9.023
9 2.44 S.941E+03 1.505€+04 1.442E+Q@5S 9.58
1Q 2.9 6.095E+23 1.477E+04 |, 489E+0S 10.98
[ 3.84 6.328E+03 1.451E+24 1.554E+05 19.7°
12 1.03 4,891E+03 1.836E+24 1.,148E+QS 7.02

Least~Squares Line for Ho vs g curve:
Slope = -2 SE3IJE-@1
Intercept = §.8376E+05
Least-squares line for g = a*delta~-T"'b
a= 2.8375£+04
b = 7.500CE-Q1
NOTE: 12 data points were stored 1n file FUNMUHLT2

NCGTE: 12 X-Y pairs werea stored in data file
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NOTE: Program name : DRHON
Data taken by : O'KEEFE
This analysis deone on file : FONMUNLTZ
This analysis includes end-fin effect
Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di 13.47 (mm)
OQutside diameter, Do = 15,85 (mm)
This analysis usas the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using no insert inside tube
Tube Enhancement : LPD KORODENSE TUBE
Tube material : TITANIUM
Pressure condition : VACUUM
Nusselt theory 1s used for Hc

Ci (based on Petukhov-Popov) = 1.8686

Alpha (based on Nusselt (Tdel)) = ©.9526

Enhancement (g? = 1,220

Enhancement (Del-T) = {.161

Data Vw Uo Ho Qp Tecf
# (m/s) (W/m~2-K) (W/m*2-K) (W/m~2) c
1 1.@3 4,188BE+03 1 .653E+@4 1.Q0Q7E+@S £.07
2 1.52 4.773E+03 1.625e+@4 1.1B4E+05 7.18
3 1.37 S5.207E+03 1.B24E+24 1.28BE+DS 7.92
4 2.44 S.441E+33 1.55QE+24 1.345E+05 g8.70
5 2.91 S.660E+Q3 1.832E+@4 1.,40Q3E+@5 8.16
8 3.38 5.782E+d3 1.483E+24 1.43Z2E+0@5 35.66
7 3.85 C.B873E+23 1.442E+@4 1 ,455E+0@5 19.08
8 2.9t S.683E+03 1.552E+94 1.40Q5E+05 3,95
9 3.85 5.894E+03 1.455E+-04 1.4B2E+Q5S 19.05
19 2.44 €.475E+Q3 1.576E+24 1.34Q2E+D5 8.5
[ 1.97 S.188E+23 1.B04E+24 1.270E+Q5 7.9
12 1.23 4,2Z9E+Q2 1.736E+@4 1.Q13E+DS S.83

Least-Squares Line for Ho vs g curve:
Slepe = -Z.5018E-Q1
Intercept = G.8313E+Q5
Least-squares line for g = a¢delta-T b
a= 2.6547E-04
b = 7.5S000E-21

MOTE: 12 data points were storasd 1n file FONMUNLTC

NOTE: 12 X-Y pairs were stored 1n data fil=
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NOTE: Program name : DREOY
Data taken by : O'KEEFE
This analysis done on file : FONMUNLT3
This analysis i1ncludes end-fin effect
Thermal conductivity = 21.0 (W m.E)
Inside diameter, D: = 13,47 (mm)
Qutside diametar, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings

Modified Petukhov-Popov coefficient = 1.0000

Using no 1nsert inside tube

Tube Enhancemant ¢ LPD KQRODENESE TUBE
Tube material : TITANIUM

Pressure condition : VACUUM

Nusselt theory 1s used for Ho

C1 (based on Petukhov~-FPopov) = 1.66i5

Alpha (based on Nusselt (Tdel)) = @.9563

Enhancament (q) = 1.22

Enhancement (Del-T) = 1,165

Data Vw Uo Ho Qp

b4 {(m/s) (W/m"2-K) (W/m"2-K) (W/m~2)
1 1.50 4_.781E+33 1.636E+Q4 1.161E+QS
2 1.03 4.190Q0E+23 ' .678E+04 1.2Q9E+0QS
3 1.5@ 4 .813E+03 1.675E+04 1,177E+05
4 1.87 S.180E+23 1 .BQ4E+Q4 1.273E+0QS
S 2.44 5.47QE+23 1 .S78E+Q4 1.348E+@5
B o. 51 S.875E+9d3 1.547E+@4 1.408E+0S
7 3.38 S.781E+23 1.486E+94 1.434E+QS
8 3.85 5.3C04E-93 1.477E+04 1,47DE+0QS
9 3.38 S.731E-23 1.485E+Q4 1.433E+05
10 3.85 S.881E+33 1.45Q2E+Q4 1 .45EE~+QS
B 2.91 5.53ZE-923 1 .S58E-24 1.397c+05
12 2.44 S.473E+DZ 1.579E+Q4 1 .340QE+Q5
13 1.97 S.198E+Q3 1.518E+24 1.252E+95
14 1.23 4 . 21TE+QZ 1.717E+Q4 1.QV1E+0S

Least-Squares Line for Ho vs Q curve:
Slope = -2.45738E-d!
Intercept = G5.3285S£+35
Least-squares line for 5 = asdelta-7"b
a = 2.B5b48E+04
b = 7.5000E-9!

NOTE: 14 data points were storad :n file FONMUNLTZ

NOTE: 11 X-Y 5airs were storad 1n data fil=
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NCTE:

Program name : DRROYT

Data taken by : O'KEEFE

This analysis done on file : FONMARHLIT!

This analysis 1includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)

Inside diameter, O1 13.47 (mm)

Cutside diamater, Do = 158,85 (mm)

This analysis uses the QUARTZ THERMCMETER readings
Modified Petukhov-Popov coefficient = 1.90000
Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED LPD KORCDENSE TUBE

Tube material ¢ TITANIUM
Pressure condition : ATMOSPHERIC
Nusselt theory 1s used for Ho

Ci1i (based on Petukhov-Popov) = 2.B6673
Alpha (based on Nusselt (Tdel)) = 9.88387
Enhancement (q? = 1.241
Enhancement (Del-T) = 1,154
Data Vw Uo Ho Qp Tef
b 4 (m/s) (W/m"2-k) (W/m™2-K) {(W/m~2) )
1 2.43 5.447E+03 1.212E+04 3.987E+05 32.98
2 1.96 S.2B3E+03 1.230E+04 3.850E+0S 31.29
3 1.5 5.002E+03 1.260E+04 3.549E+25 28.96
4 1.83 4 . BO8E+Q3 1.323E+04 3.332E+0S 25.19
5 1.50 4.996E+03 t,287E+04 3.64BE+05 29.23
B 1.03 4.534E+93 1.315E+04 3.334E+2S 25.35
7 1.56 5.251E+03 1.225E+Q04 3.843E+25 31.42
8 2.43 S.443E+403 1.211E+Q4 4 .90Q3E+2S 33.05
9 2.90 5.807E+@3 1.219E+Q4 4.124E+25 24.08
10 32.37 S.638E+23 1.193E+04 4.135E+05 35.16
11 3.83 5.767E-23 1.178E+04 4.241E+05 35.99
12 3.37 S.675E+9d3 1.182E+24 4.17QE+0Q5 I5.27
13 3.83 S.767E-22 1.178E+02 4.243E+@5 36.00
14 2.90 5.533E+@3 1.138E+24 4,982E+0QS J4.18
15 .43 S.445£+@5 1.210E+04 3.983E+05 32.91
Laast-Squares Line for Mo vs q curve:
Slope = -2,4545g-0!
Intercept = 7.7129E+05
Least-squares line fcr q = asdelta-T"b
a = 2.9099€E+04
b = 7.5000E-31
NOTE: '€ data points were sztored i1n file FONMAHLITI
NOTE: 1S X~V pairs were storad in data file
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NCTE: Program name : DRAOIT

Data taken by : O'KEEFE

This analysis done on file : FONMANLIT!

This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)

Inside diameter, Oi = 13.47 (mm)

Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000
Using no insert inside tube

Tube Enhancement : WIRE-WRAPPED LPD KORODENSE TUBE

Tube material : TITANIUM
Prassure condition : ATMOSPHERIC
Nusselt theory is used for Ho

Ci (based on Patukhov=Popov) = 2.0382
Alpha (based on Nusseslt (Tdel)) = 2.8688
Enhancement (q} = 1.1E4
Enhancement (Del-T) = 1.135
Data Vw Uo Ho Qo Tcf
3 (m/s) (W/m~2-K) (W/m"2-K) (W/m~2) (C)
1 3.84 S.440E+Q3 1.152E+04 4,025E+0S 34.93
2 3.37 S.362E+@3 1.170E+@4 3.954E+0S 33.79
3 2.90 5.285E+@3 1.206E+04 3.883E+0% 32.28
4 2.43 S.121E+03 1.220E+04 3.7S2E+0S 30.786
5 1.96 4 ,883E+03 1.230E+Q04 3.571E+05 29.23
6 1.49 4.531E+03 1 .2BSE+04 3.355E+0S 26.52
7 1.03 4. 135E+03 1.324E+24 3.003E+05S 22.89
8 1.50 4 ,536E+03 1.263E+Q4 3.359E+0S 26.89
S 1.03 4 ,132E+03 1.322E+04 3.00ZE+0S 22.7
10 1.96 4.891E+03 1,234E+04 3.588E+0S 29.09
11 2.43 S.1285E+03 1.224E+24 3.774E+0S 30.83
12 2.9@ 5.247E+03 1.187E+04 3.8BBE+DS 32.53
13 3.37 S.353E+03 1.171E+Q4  3.558E-+0QS 32.78
14 3.84 G.447E+Q3 1.1SSE+24 4.0Q17E+DES 34.78

Least-Squares Line for Ho vs g curve:
Slepe = -2.59352-9)
Intercept = 7.6937E+0S

Least-squareaes line for g = a+delta-T"b

a

b =

NOTE:

NOTE:

Z.BS35E+04
7.S000E-21

14 gata ooints were stored 1n file FONMANLIT!

14 X-Y pairs were siored i1n data file
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NOTE:

Program name : DRB®T

Data taken by : O'KEEFE
This analysis done on file : FONMYHLITI
This analysis includes end-fin effact

Thermal conductivity e 21.0 (W/'m.K)
Inside diameter, Di = 13.47 (mm)
Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 11,0000

Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED LPD KORODENSE TUBE
Tube material : TITANIUM

Pressure condition : UVACUUM

Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 2.2166

Alpha (hased on Nusselt (Tdel)) = @.8799

Enhancemant (qg) = 1,201

Enhancement (Del-T) = 1,147

Data Vw Uo Ho Qp Tcf
4 {m/s) (W/m"2-K) (W/m*2-K) (W/m~2 (C»
1 3.84 6.801E+03 1.363E+Q04 1.,471E+0S 10.80
2 2.37 5.859E+03 1.355E+04 1,427E+0@5 190.53
3 2.9 S.700E+03 1.355E+@4 1.390E+2S 10.26
4 2.44 S.S510E+03 1 .36QE+34 1 ,340E+05 9.85
5 1.87 §.275E+@3 1.378E+04 1.2B1E+@S 9.3@
B 1.50@ S.002E+03 1.450E+24 1,135E+@S 8.24
7 1.03 4.510E+03 1.G20E+04 1.Q74E+05 7.07
8 1.59 4,.998E+Q3 1.448E+24 1.202E+0S B.30
9 1.03 4.507E+Q3 1 .516E+Q4 1.279E+05 7.1
1@ 1.87 5.292E+03 1.391E+@4 1.286E+0S 9.24
it 2.44 S.516E+03 1.366E+24 1.347E+Q5 9.86
12 2.91 S.698E+23 1.35SE+@4 1.400QE+0S 10.33
13 3.28 S.8B3E+03 1.359E+04 1 ,43BE+2S 10.97
14 3.84 S5.998E+83 1.361E+04 1 ,470QE+0S 190.78

Least-Squares Line for Ho vs g curve:
Slope = -2.7623E-21
Intercept = §5.836BE+0%

Least-squares line for g = a*delta-T"b
a = 2.4437E+04
b = 7.5000E-0!

NOTE: 14 data points were stored i1n file FCNMUHLITI

NOTE: 14 X-Y pairs were stored 1n data file
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NOTE:

Program name : DREGY

Data taken by : 0'KEEFE
This analysis done on file : FONMUNLITt
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.47 (mm)
Qutside diameter, Do = 15,85 (mnm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 11,0000

Using no insert inside tube

Tube Enhancement ¢ WIRE-WRAPPED LPD KORODENSE TUBE
Tube material ¢ TITANIUM

Pressure condition : VACUUM

Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 1.7837

Alpha (based on Nusselt (Tdel)) = 0.8545

Enhancement (g) 1.056

Ennancement (Del-T) = 1.041

Data Vuw Uo Ho Qp Tcf
% (m/s) (W/m*2-K) (W/m*2~-K) (W/m~2) (C)
! 3.38 S.480E+923 1.334E+04 1. 347E+0QS 19.10
2 2.91 5.342E+03 1.3539E+24 1.305€E+05 9.5@
3 2.44 5.123E+03 1.363E+04 1.2GS5E+QS g9.21
4 1.987 4 .852E+03 1.377E+04 1.180E+0S 8.57
S 1.50 4 .519E+03 1.434E+04 1.Q22E+0QS 7.82
6 1.03 3.996E+33 1.508E+24 9.533E+24 6.3S
7 1.59 4 . 5Z28E+23 1.447E+04 1 .Q9BE+QS 7.52
8 1.03 3.992E+03 ' .SQ4E+04 9.598E+04 68.38
9 1.97 4 . 8S4E+23 1.381E+04 1,188E+05S 8.60
10 2.44 S.132E+23 1.371E+24 1.264E+25 9.22
i1 2.91 S.309E+23 1.338E+@4 1.307E+0QS 9.77
12 3.38 S.470E+@3 1.327E+04 1. 33BE+0S 10.27
13 3.84 C.S37E+Q3 1.317E+@4 1, 375E+025 10.44
14 3.37 S.464E+03 1.322E+04 1,338E+0S 19.11
15 3.54 5.58SE+Q3 1.312E+04 1.371E+0S 10.46

Least-Squares Line for Ho vs q curve:
Slope = -2 8007E-Q!

Intercept = ©§.8324E+0QS

Least-

a =
b =

NOTE :

NOTE:

squares line for g = asdelta-T"b
2.37S9%E+04
7.5000E-01

15 data points wera storad 1n file FCNMUNLITI

15 <-Y¥ pairs wera stored 1n data file
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NOTE:

Ci (based on Petukhov-Popav) = 2.6388

Alpha (basad on Nusselt (Tdel)) = @.3@883

Enhancement (q) 1.246

Enhancement (Del-T) = 1.179

Data Vu Uo Ho Qp Tef

b4 (m/s) (W/m"2-K) (W/m*2-K) (W/m"2) (C)
1 3.84 5.823E+@3 1.210E+Q4 4.313E+25 35.83
2 3.37 5.75CE+23 1.223E+04 4.238E+0@5 34.64 33
3 2.90 S.641E+403 1.231E+24 4.143E+0QS 33.84
4 2.43 S.520E+03 1.2G5E+04 4.043E+0S 32.23
S 1.96 5.331E+03 1.276E+94 3.882E+0S 23.51
6 1.49 S.020€E+03 1.281E+Q4 3.6B1E+05 28.58 199.
7 1.03 4 .B643E+03 1.363E+24 3.38Z2E+0S 24.55 100
8 1.50 S.Q2B8E+03 1.286E+@4 3.687E+0S 28.51 S
9 1.03 4 . 622E+0Q3 1.353E+04 3.356£+0S 24.81 139
10 1.96 5.304E+03 1.261E+04 3.B83E+QS 30.78 g9
11 2.43 S5.494E+03 1.243E+04 4.030E+0S 32.43 g
12 2.90 5.640E+03 1.231E+24  4.,143E+0S 32.68 3
13 3.37 §.747E+93 1.219E+34 4 C2Z8E+0QS Jd.82 g
14 3.82 5.824E+03 1.207E-24 4,29QE+0S 35.85 19

Program name : DRFpPK

Data taken by : O'KEEFE
This analysis done on file : FONMAHL2T!
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.47 (mm)
Qutside diameter, Do = 15,85 (mm)

This aralysis uses the QUARTZI THERMOMETER readings
Modified Petukhov-Popov coefficient = 11,0000

Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED LPD KORODENSE TUBE
Tube material : TITANIUM

Pressure condition : ATMOSPHERIC

Nusselt theory is used for Ho

lLeast-Squaras Line for Ho vs q curve:

Slope = -2 _470GE-Q1

Intarcept = 7.7243E+35
Least-squaras line for o = a*delta-T"b

a = 2.9774E+04

b = 7.5000E-21
NOTE: 14 data points were stored :n filz FONMAHLIT!
NOTE: 14 X-Y pairs were stored 1in data file
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NOTE: Program name : DRPOKT
Data taken by : O'KEEFE
This analysis done on file : FONMANLZT!
This analysis includes end-fin effect
Thermal conductivity 21.0 (W/m.K)
Inside diameter, Di 13.47 (mm)
OQutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER read:ings

Modified Petukhov-Popov ceoefficient = 1.0000
Using no insert inside tube

Tube Enhancement : WIRE-WRAPFED LPD KORQDEMNSE TUBE

Tube material ¢ TITANIUM
Pressure condition : ATMOSPHERIC
Nusselt theory is used for Ho

Ci (based on Patukhov—-Popov) = 2.0572
Alpha (based on Nusselt (Tdel)) = .89
Enhancemant (q) = 1.223
Enhancement (Del-T) = 1.163
Data Vuw Uo Ho Qp Tef
b 4 (m/s5) (W/m"2-K) (W/m~2-K) {(W/m"2) (C)
1 3.84 5.574E+03 1.207E+04 4.1Q2BE+0S 34.03
2 3.37 S.450E+23 1.207E+04 4.D12E+0S 32.25
3 2.90 8.330E+03 1.222E+04 3.918E+@5 32.08
4 2.43 S.189€E+03 1.251E+94 3.811E+0S 30.48
5 1.96 4 .967E+03 1.272E+04 3.839E+05S 28.61
6 1.49 4 .670E+03 1.313E+04 3.427E+0S 28.8%
7 1.03 4.182E+03 1.353E+04 3.03BE+0S 22.46
8 1.59 4 .B63E+03 1.309E+04 3.412E+@S 26.04
9 1.03 4,195E+03 1.369E+04 3.0S2E+05 22.2
19 1.96 4 ,957E+0Q3 1.267E+04 3.BSQE+0S 26.80
11 2.43 S.165E+03 1.238E+04 3.80GE+05 30.72
12 .90 5.315E+03 1.215E+04 3.911E+0S 2.18
13 3.37 S.444E+Q3 1.204E+04 4 .Q1SE+0S 33.37
14 3.84 §.552E+03 1.197E+04 4.Q94E+2S 34.20

Least-Squaras Line for Ho vs g curve:
Slope = =2, 4184E-]
Intercept = 7.B8S7E+@S
Least-squares line for q = a+*delta-T"b
a = 2.9268E+04
b = 7.5000E-21
NCTE: 14 data points were stored 1n file FONMANLZT!

NOTE: 14 X-Y pairs were stored in aata file
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NOTE:

Program name : OREOR

Data taken by : O'KEEFE
This analysis done on file : FONMUHL2TI
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)

Inside diameter, Di = 13.47 (mm)

Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1,0000

Using HEATEX insert inside tube

Tube Enhancement : WIRE-WRAPPED LPD KORODENSE TUBE
Tube material : TITANIUM

Pressure .condition : UVACUUM
Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 2.42S8

Alpha (based on Nusselt (Tdel)) = 0.8801

Enhancement (q) = 1,22

Enhancement (Del-T) = 1.161

Data Vw Uo Ho Qp Tcf
# (m/s) (W/m"2-K) (W/m*2-K) (W/m~2) (C)
1 3.85 6.075E+03 1.377E+04 1.517E+0S 11.02
2 3.38 5.908E+03 1.355E+04 1.474E+05 12.87
3 2.9 5.778E+03 1.36BE+04 1.43BE+0S 10.49
4 2.44 5.580E+03 1.367E+@4 1 .385E+05 12.13
8 1.37 5.372E+23 1.400E+04 1| . 32BE+@5 9.47
3 1.50 S.0S2E+23 1.432E+Q4 1.238E+0Q5 8.64
7 1.03 4 . B@5E+23 1.535E+04 1, 113E+0QS 7.28
8 1.50 S.045E+03 1.428E+@04 1.242E+25 8.70
9 1.03 4 ,531E+932 1.521E+@4 1.117E+0@5 7.34
19 V.97 §.364E+03 1.396E+24 1.331E+05 5.54
11 2.44 5.536E+03 1.378E+04 1.388E+0QS 19.14
12 2.91 S.778E+Q3 1.370E+24 1.445E+0S 10.55
13 3.38 S.881E+03 1.342E+04 1.47SE+0Q5 10.99
14 3.85 5.989E+03 1.334E+04 1,511E+25 11.33

Least-Squares Line for Ho vs q curve:
Slcpe = -2,8095E-0!

Intercept = G5.8479E+QS

Least-

3 =
by =

NGTE :

NOTE:

squares lina for g = a*delta-T"b
2.4663E+04
7.5000E-01

14 data points were storad i1n file FONMUHLZT!

14 X-Y pairs wera stored 1n data file
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NOTE:

Program name : DRROKT

Data taken by : Q'KEEFE
This analysis done on file : FONMUNLZT!
This analysis includes end-fin effect

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, D1 = 13.47 (mm)
Outside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petuknov-Popov coefficient = 1.0000

Using no insert inside tube

Tube Enhancement : WIRE-WRAPPED LPD KORODENSE TUBE
Tube mater:ial : TITANIUM

Prassure condition : YACUUM

Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = | ,8387
Alpha (based on Nusselt (Tdel)) = @.8688
Enhancement (gq) = 1.079
Enhancement (Del-T) 1.053
Data Vuw Uo Ho Qp Tef
| (m/s) (W/m"2-K) (W/m"2-K) (W/m*2) (C»
1 3.88 S.B6S1E-03 1.326E+04 1.40Q5E+0S 19.53
2 3.38 S.521E+23 1.335E+@04 1.373E+05S 19.28
3 2.91 S.371E+03 1.352E+924 1.339E+05 9.90
4 2.44 S.217E+03 1.400E+04 1.293E+@S 9.23
) 1.97 4.929E+03 1.405E+04 1.22%E+0QS 8.72
6 1.50 4.582E+03 1.451E+@4 1.133€+05 7.81
7 1.83 4.061E+03 1.5830E+04 9.942E+24 6.59
8 1.59 4 ,576E+03 1.448E+04 1.142E+0Q5 7.89
9 1.03 4.Q43E+03 | .SQ7E+04 9.939E+04 §.59
19 1.97 4,934E-023 1.412E+Q@4 1.239E+0S 8.78
i1 2.44 S.188E+23 1.383E+24 1.3Q2E+2S .42
12 2.9 5.379E+03 1. 36QE+24 | .35BE+@S .97
13 3.38 S.S14E+23 1.234E+04 1 .395E+0S 1@.48
14 3.85 5.84CE+Q3 1.324E+04 1.418E+0S 1g. 71
Least-Squares Line for Ho vs q curve:
Slope = -2 7784E-9!
Intearcept = §.8363E+0S
Least-squares line for Qq = a+delta-T"b
a = 2.41590E+0Q4
b = 7.S000E-01
NOTE: 14 data points wera stcred i1in file FONMUNLIT!
NOTE: 14 X-Y pairs were storad 1n data file
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NOTE: Program name : DRA@T
Data taken by : O'KEEFE
This analysis done on file : FONMAHL3T2
This analysis includes end-fin effect
Thermal conductivity 21.0 (W/m.K)

Inside diameter, D1 = 13.47 (mm)

Outside diameter, Do = 15,85 (mm) .
This aralysis uses the QUARTZ THERMCMETER readings
Modified Petukhov-Popov ccefficient = 1.0000

Using HEATEX insert inside tube

Tubte Ennancement : WIRE-WRAPPED LPD KOROLENSE TUBE
Tube material : TITANIUM

Prassure condition : ATMOSPHERIC
Nusselt thecry 1s used for Ho

Ci (based on Petukhov-Popov) = 2.8382

Alpha (based on Nusselt (Tdel)) = @.8832

Enhancement (q) = }.385

Enhancement (Del-T) = 1.286

Data Vw Uo Ho Qp

b (m/s5) (W/m"2-K) (W/ m 2-K) (W/m™2)
1 1.03 4.380E+03 1.461E+94 3.526E+05S 24
2 1.49 S.2BO0E+23 1.376E+94 3.824E+0S 27
3 1.96 S.597E+03 1.371E+24 4 .07Q0E+2S 2S
4 2.43 S.783E+23 1.345E+94 4.213E+QS 3
S 2.90 S.9240E+03 1.337E+Q04 4.337E+0S 3
6 2.386 6.209E+Q3 1.395E-24 4.337E+0C z
7 3.33 6.1005+03 1.297€8+04 4.4BSE+0S 32
8 3.36 6.814E+03 1.Z07TE+Q4 4.388E+QS 3
9 3.83 6.100E+03 1.297E+24 4.460E+Q5 3
10 2.90 5.839€E+03 1 330E+04 4.32B8E+@S 3
11 2.43 S.783E+03 1,344E+02 4.21Q0E+0% 3
12 1.96 S.S97E+03 1.370E+94 4.Q08QE+0QS 2
13 1.49 5.278E+Q3 1.,37CE-94 J.811E+28 z
14 1.932 4,.883E+23 1.388E+-24  3.392E+32S 23

Lesast-Squares Line for Ho vs q curve:
Slope = -2.25I8E~21
Intarcept = 7.5980E+0QS

Least-squares line for q = ar*gelta-T b

a = 3.1776E+04
b = 7.5000E-021

NOTE: 14 data points were storsd in file FONMAHLITZ

NCTE: 14 X-Y pairs were siored 1n data file
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NGTE: Program name : CRADKT
Data taken by : 0'KEEFE
This analysis dcne on file : FONMANL3TI
This analysis includes end-fin effact

Thermal conductivity = 21.0 (W/m.K)
Inside diameter, Di = 12.47 (mm)
Qutside diameter, Do = 15.35 (mm)

This analysis uses the QUARTZ THERMOMETER readings

Modified Petukhov-Popov coefficiant = 1.0000
Using no insert inside tube

Tube Enhancement : WIRE-WRAPFED LPD KORODENSE TUBE

Tube material : TITANIUM
Pressure condition : ATMOSPHERIC
Nusselt thecry 13 used for Ho

Ci (based on Petukhov-Popov) = 2.2023

Alpha (based on Nusselt (Tdel)) = @.9330

Enhancement (g’ = 1,302

Enhancement (Del-T) = 1.215

Data Vuw Uo Ho Qp

 J (m/s) (W/m"2-K) (W/m"2-K) (W/m~2)
1 3.83 S.767E+Q3 1.2562E+04 4.22SE+0S 33.
2 3.36 5.682E+03 1.279E+04 4.139E+2S 32.
3 2.50 5.5B64E+03 1.297E+24 4,Q050E+0S 31.
4 2.43 5.398E+23 1.312E+24 3.90Q08E+0S Z9.
5 1.96 5.197E+33 1.343E+04 3.759E+0@S 27.
g 1.43 4 .367E+Q3 1.370E+Q4 Z.S18E+0QS 25.
7 1.03 4 ,330E+33 1.428E+04 3.154E+0S 22.
8 1.49 4 ,877E+33 1.380E+24 S.823E+0S 2%.
9 1.03 4,398E+03 1.438E+04 3.15QE+05S 2
10 1.96 S.188E+23 1.344E+04 3.7B3E+0S 28
1 2.43 5.394E+23 1.311E+Q@4 3.924E+025 29
12 2.90 5.558E+23 1.294E+24 4.04SE+2S 3
12 3.26 S.803E+02 1.283E+04 1, 127E+2S 32
14 3.832 S.776E+22 1.265E+Q4 4.211E+02S 33

Least-Squaras Line for Ho vs q curve:

a4

Slope = -2,2885&E-9!
Intercept = 7.577SE+QS

Least-squares line for g = a+delta-T"b
a = 3,9712E+24
b = 7.5000E-2!

NOTE: 14 data goints wera siorad in f1la FORMANLIT!

NCGTE: 14 X-Y pairs wer2 3tiored 1n Jata file
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NCTE:

Program name : DORPOK

Data taken by : G'KEEFE

This analysis done on file : FONMUHL3T!

This analysis incB4dks end-fin effect

Thermal conductivity = 21.0 (W/m.K)

Inside diameter, Di = 13.47 {(mm)

Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0200 -
Using HEATEX insert i1nside tube

Tube Enhancemant : WIRE-WRAPPED LPD KORODENSE TUBE

Tube material ¢ TITANIUM

Fressure condition : VACUUM

Nusselt theory 1is used for Ho

Ci1 (based on Patukhov-Popov} 2.0094
Alpha (based on Nusselt (Tdel)) = ©@.9949
Enhancemant (q) = 1.418
Enhancement (Del-T) = 1,297
Data Vuw Uo Ho Gp Tef Tz

b 4 (m/s5) (W/m*2-K) (W/m"2-K) (W/m"2) (C) (CH

1 3.84 6.544E+03 1 .SB81E+24 1.S70QE+QC 8.93 43 .61

2 3.37 6.381E+Q3 1.565E+Q4 1.G26E+@5 9.7% 45.70

3 2.30 6.240E+03 1.580E+24 1.481E+0QS 9.38 48.53

4 2.43 6.057E+23 1.598E+@4 1 .425E+@5 83.31 43 .80

5 1.97 5.833E+02 t .645E+Q4 1.37QE+2S 3.33 48.83

8 1.50 S.451E+@3 1.643E+04 1 .2BBE+QS 7.83 48,865 ‘

7 1.03 4.958E+03 1.761E+24 1.151E+QE 5.54 43.7¢% :

8 1.5@ 5.441£+03 1.642E+Q4 1.271E+@5 7.74 48.82

g 1.93 4.961E+03 1.764E+@4 ! .148E+05 5.59 45.52

19 1.37 S.731E+923 1 .BR3E+Q4 | .367E+0OS 2.52 48.8%

11 2.43 6.023E+93 1.877E+04 1.4Z1E+0S 3.27 48 .82

12 2.90 B.221E+23 '} .SEB8E+24 1.48B3E+0S 9.45 45.55

13 3.37 B8.3327E+03 1.872E+Q4 1.52%E+0S 9.73 48.357

14 5.34 6.490€E+03 1.543E+04 1 .554E+Q5S 12.23 43.74
Least-Squares Line for Ho vs g curve:

Slope = -2 . 3649E-91

Intercept = §.82B3E+QS
Least-sgquares line for g = asdelta-T"b

a = 2.7630E+04

b = 7.5000E-
NOTE: 14 data points were stored in file FONMUHLIT! |
NOTE: 14 X-Y pairs were stored in data file
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NOTE: Program name : [ORPOK
Data taken by : O'KEEFE
This analysis done on file : FONMUNL3TI
This analys:: inclydes end-fin effect
Thermal conductivity 21.0 (W/m.K)

Inside diameter, D1 = 13.47 (mm)

Qutside diameter, Do = 15.85 (mm)

This analysis uses the QUARTZ THZRMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000

Using no insert inside tube

Tube Enhancement : WIRE-WRAPPED LPD KORODENSE TUBE
Tube material ¢ TITANIUM

Pressure condition : VACUUM

Nusselt theory 1s used for Ho

Ci (based on Petukhov-Popov) = 2.0410

Alpha (based on Nusselt (Tdel)) = ©.94189

Enhancement (q) = 1.202

Enhancement (Del-T) = 1,148

Data Vw Uo Ho Qp Tcf

b4 (m/3) (W/m"2=-K (W/m"2-K) (W/m~2) (CH
1 3.37 S.954E+@3 1.506E+@24 1.478E+0S 9.55 g,
2 2.84 6.043E+03 1.469E+04 1 ,462E+QS 9.95 48.
3 3.37 $.337€+03 1.494E+Q4 1.424E+05 9.532 43.
4 3.84 6.031E+0@3 1.461E+04 1,.443E+0S 9.87 43.
5 2.90 S.754E+03 1.493E+04 1.373E+@S 9.20 43.
6 2.43 5.365E+33 1.523E+04 1,.330E+05 8.73 48
7 1.97 5.29CE+23 1.543E+24 1.2G54E+@S 8.13 48 .
8 1.50 4.917E+03 1.576E+Q4 1.158BE+@5 7.35 43,
9 1.03 4.397E+23 1 .B8BE+04 1.032E+@S 6.12 48,
19 1.50 4,940E+03 1.602E+@2¢ 1.172E+0S 7.31 43,
11 1.832 4,383E+03 1.682E+24 1.932E+0S §.13 a5,
12 1.97 5.29%E+03 1.548E+Q04 1.,2BSE+0S §.17 43,
13 2.44 S.361E+03 1.822E+24 1.3Z4E+2S 8.77 43,
14 2.92 S.771E+23 1.507E+24 1 .38BE+0QS g9.21 43,

Least-Sguares Line for Ko vs q curve:
Slcpe = -2.5211E-0Q1
Intercapt = G.8301E+25
L=2ast-squares line for q = a*delta-T"h
a = J2.5202e+024
b = 7.5000E-21
NOTE: 14 data points were stored i1n file FONMUNL3T

NCTE: 14 X-Y pairs were storaed :n data fils
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NOTE: Frogram name : DRR§ZT
Data taken by : O KEEFE
This analysis done on file : FONMAHCI
This analysis includess end-fin effect

Thermal conductivity = 385.0 (W/m.K)
Inside diamater, D1 = 12.70 (mm;
Qutside diameter, Dc = 13,05 (mm)

This analysis uses the QUARTZ THEFMOMETER readings
Modifiad Petukhov-Fopov coafficient = 11,0009

Using HEATEX insert inside tube
Tube Enhancement : SMOCTH TUBE
Tube material : COPPER
Pressure condition : ATMOSPHERIC
Nusselt tnecry i1s used for Ho

Ci (based on Petukhov-Popov? = 2.,80%86

Alpha (based on Nusselt {7del)) = 0.83i8

tnhancement (q)} = 1.045

gEnhancement (Del-T) 1.037

Data Vw Uo Ho Qp

b4 (m/s) (W/m"2-K) (W/m"2-K) (W/m~2 3
1 4.3 8.738E+03 9.934E+0Z 4.BEQE+QS
2 3.78 B.BETE+R3 9.1E7E+QT 4.79ZE+Q5
3 3.25 6.574E+@3 9,307E+Q 4.BS7E+Q5
4 2.73 6.427E+93 3.463E+03 4.576E+Q5
5 2.20 5.2Q7E+23 8. 83BE+D3 4.4Q@5c+0S
B 1.83 5.85QE+0Q3 a,8B8E+QZ 4.160QE+QS
7 1,18 5.433E+33 1.243E+Q4 3.303E+93S
8 4.30 6.555€+03 9.234E+93 4.8S5E+J5
9 3.77 6.7852+23 3,356E+@Z 4.7%4E+0@S
10 z.2 8.684E+93 9,498E+Q3 4.68SE+QS
it 2.72 5.5Q01E+@3 9.534E+0% 4.54iE+05
12 2.20 6.230E+923 3.787E-9Z 4.380E+05
12 1.87 5.3712-2C 1.208e+d4 4, 123E+Z8
14 1.5 5.504E+32 i.0B63E+94  3.7B3E+YS
15 2.20 6.310€E-22 §.545€+92 4.49ZE-25
16 3.2 €.882E+@3 §.491E+QZ 4.588£+2CS
7 4.2 6.863£+02 9.2IBE+)> 4.8IBE-QS

Least~Squar=s {ine for Ho vs g curve:!
Slope = -3,4308E-D!
Intarcept = 7.5868E-QS

Laast-squares line for q = a«delta-7°b
a= 2.5i31g+24
b = 7.5000E-3:
NGTE: 17 data points wers storsd :n f1la FONMAHC)

NOTE: 17 ¥~-Y pairs were stored 1n data ‘il=
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NOTE: Program name : DBRQK
Data taken by : O'KEEFE
This analysis done on fi:le : FONMANCH
This analysis 1includes end-fin effect

Thermal conductivaity = 385.0 (W/m.K)
Insids diametar, D1i = 12.70 (mm)
Outside diameter, Do = 18.05 (mm

This analysis uses the QUARTZ THERMOMETER read:ngs
]

Modified Patukhov-Pcpov ccefficient = 1.0000
Using no insert 1nside tube
Tube Enhancement ¢ SMOOTH TuBEtE
Tube matearial : COPFER
Pressure condition : ATMOSPHERIC
Nusselt tha2ory 1s usec for Ho
C1 (based on Fetukhov-Popov! = },2E653
Alpra (hased on Nusselt {(Tdel:) = 0.3153
Ennancement (q} = {,08C
Enhancement (Del-T = 1.0@33
Data Vuw Uo Ho Qp Tef
# (m/s} (W/m"2-K) (W/m~2~-K) {(W/m~2) (€
1 4,71 S.784E+03 9.703E+935 4.227€E+05 43.58
2 3.79 5.543E+@3 9.971E+@3 4.12QE+2S 41.32
3 3..26 S.38BE+03 9.971E+03 3.929E-0S 35.40
4 2.73 S.144E+Q3 1.Q24E+04 3.74%E+QS 36.6@
3 2.2 4 . 821TE+Q3 1.983E-04 3.525e+d5 3313
8 1.88 4,.341E+33 1.973E+34 3.1STE+QS 28.4Z2
7 1.16 3.895E+¢3 1.203E+04 Z2.757E£+05 22.32
8 1.68 4,343E+03 1.97SE+Q4 3.172E+0Q5 23.41
9 1.186 Z.3804E+03 1.205+04 2.757E+0S -2.8%
19 2.21 4.212E+03 1.958E+Q4 3.8C21E+QS 33.36
1 2.73 S.187E+03 1.9318+04 3.772E+DE 36.57
12 3.2 S.374E+D3 §.355E+922 3.339E+0S 38.56
13 3.7¢ S.e42E~23 9.368E-2C 4.,1IZ7E-0QC 41,8
14 4,31 S.78C2E+3d3 3.833E+22 4.7741E-QS 43.33
L=2ast-Squaras Linre for Ho vs 3 curve:
Siope = -2 8i86E-2
Intercept = 7 2933E+0G
Least-sguares iine for g = a+delta-7"b
a = 2.,5317E+84
b = 7.S5000E-2!
NCTE: '1 data pgoints wers storec 1n flie FONMANC!

MCTE: 14 X-Y pairs wers storad 1n Jata f:ile
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NOTE: Program name : ORTIBT
Data taken by : O'KEEFE
This analysis done on file : FONMUHC)
This analysis 1ncludes end-fin affect

Thermal conductivity = 385.0 (W/m.K)

Inside diametar, Di = 12.70 (mm)

Qutside diameter, Do = 12.05 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modifiad Patukhov-Pepov coefficient = {.0000
Using HEATEX insert inside tube

Tube Enhancement : SMOOTH TUBE

Tube mater:ial ¢ COPPER

Prassure condition @ YACUUM

Nusseit theory 135 used for Ho

Ci (based on Petukhov-Popaov} = 2.43165
Alpha {(based on Nussz2lt (Tdel)) = 2.837
Ennancament (q: = . 9538
Enhancement (Dei-T: = .8E3
Data Vw Uc Ho Qp Tet s
% (m/s) (W/m"2=-K) (W/m 2-K {(W/m"2) (C (CH
1 4.32 7.373E+23 1.112E+@4 1 .749E+0S 15.75 48.73
2 3.79 7.327E+23 1 ,Q36E+94 1.883E+0dC 15.32 45.53
3 3.28 7.140E+23 1.110E+Q4 1.EJIE+DS 14.53 45.863
4 2.74 6.907E+0Q3Z 1.128E+04 | .575E+Q% 13.3€ 43.63
5 2.21 8.573E+33 1.144E+34 1.497E+3S 13.04 43.32
8 1.68 B.158E+2C 1.185€+04 1.38CSE+3S 11,81 45.72
7 1.16 5.558€+@: 1.2E1E+Q4 1.243E+@S 3.52 48,72

Le2ast-Squares Line for Ho vs g curve:
Slope = -3.2813e-01
Intercapt 5.54343E+Q5

Least-sguares line for g = a+<deita-T'b
a = 2.18921E+04
b = 7.5000E-92i

NCYE: Q07 data points wera storad 1n file FONMUHCI

NOTE: @7 X-Y pairs were stored in data fiie
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NGTE:

Program name : DRESI

Data taken by ¢ O'KEEFE

Th:s analysis dene on file : FONMUNCI

This analysis includes end-fin affecs

Thermal conductivity = 3685.90 (W/m.K)

Inside diameter, Di 12.70 (mm)

Cutside diameter, Do = 18.05 ‘mm}

This analysis usas the QUARTZ THERMOMETER readings

Modified Petukhov-Popov coefficient = 1.0020
Using no insert ins:de tubse
Tube Enhancement : SMOOTH TUEE
Tube material COFPER
Pressure condition @ VACUUM
Nusselt thecry 1s usad for Ho
Ci (based on Petukhov~Fapov) = 1.0847
Aipha (based on Nussait {(Tdel)) = 0.8883
Ennancament i(q) = .942
Enhancement (Del-T) = . 858
Data Vw Uo Ho Gp Tc#
b4 {m/g) (W/m™ 2=k (W/m"Z-K (W/m~2) (C)
1 4.32 B8.182E+23 1.238E+94 1.4B1E+0QS 11.20
2 3.79 5.837E+@3 1,2852+@4 1.401E+2% 11.18
3 3.27 S. aAS:*aJ 1,277E+04  1.32BE+QS id.438
4 2.74 5.280E+93 1.301E+@4 1.28ZE+DS 2.83
S 2.2 4.885E-0: 1.33SE+94  1,133E+35 3.54
S 1.68 4.30SE+33 1.,37%E+24 | .QQCSE+DC 7.22
7 1,18 3.841E+23 1 .540E+Q4 3.4T2E+D4 £.5!
8 1.63 4,323E+33 1.39CGE-D4 1.Q23E-QS 7.3}
3 1.18 3.837E-33 1.833E+24 S.513E+24 8.55
12 2.2 4 ,811E+Q3 1.,306E+94 1.181E+25 g.82
11 2.74 5.230E+23 1.30SE+@4 1.Z254E+25 .88
12 3.27 £.837E+93 1.2768E+04 1.3E3E+25 Q.88
13 3.789 5,815E+33 1.248E+04 1 .,4Q8E+25 11,25
14 4.32 6.135E+Q32 1.240E«Q4 1.470E+DS 1,88
Least-Squares Line for Ho vs q curva:
Slope = -2,7Z4QE-d}
Intarcept = §.45432+05
Laast-squares line fsr q = a+deita-T" b
a = 2.29S4E+04
b = 7.5000E-31
NOTE: 14 data poirts werse stored in fila FONMUNC!
NOTE: 14 <=+ pa:irs were stored :n data fiis

181

T O SO T N N

IO T O N
M Wwoowmome 0w mww

=

-

~} o 0y~

.

- =1 gy ~)

-d

-1 o)
o U L

M -] ja O w

BT R S

oy m

~-




NOTE: Program name : DRPOK
Data taten by : Q'KEEFE
This analysis done on file : FONMAHBBC!
This analysis incg@ges end-fin effect
Thermal conductivity = 385.0 (W/m.K)
Inside diameter, D01 = 12.70 (mm)
Qutside diameter, Do = 15.05 (mm)
This analysis uses the QUARTZ THERMOMETER readings
Modifired Petukhov-Popov coefficient = 1.0000
Using HEATEX insert 1nside tube
Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material : COPPER
Pressure condition : ATMOSPHERIC
Nusselt theory is used for Ho

Ci (based on P2tukhov-Popov) = 2.,8085

Alpha (based on Nusselt (7Tdel)) = 1.26843

Enhancement (g = 1.834

Enhancement (Del-T) = 1,542

Data Vw Uo Ho Qp Tzof
# (m/3) (W/m~2-K) (W/m"2-K) {(W/m~2) CH

1 4,29 9.492E+23 1.466E+04 6.377E+0S 44 .87

2 3.76 9.328E+923 1.488E+04 6&.368E+0QS 42.53
3 3.24 3.132E+33 1.822E+04 6.213E+0S 40.83
4 2.72 8.827E+23 1.553E+04 5.975E+0S 38.48
5 2.18 8.375E+03 1.SB1E+Q4 S.B8BE+0S 35.84
6 1.67 7.795E+0Q3 1.637E+04 5.24SE+Q5 32.06
7 1.15 6.985E+03 1.771E+04 4.87SE+QS 26.42
3 1.87 7.804E+03 1.647E+04 §.292E+0S 32.13
9 1.18 6.992E+83 1.776E+Q4 4 .584E+95 268.37
10 2.20 8.47EE+Q3 i .823E+@4 §.785E+05 35.64
11 2.72 8.943E+93 1.593E+94 ©.088E+25 38.21
12 3.24 9.284E+03 1.S59E+04 EB.313E+0S 40.59
13 2.76 9.531E+03 1 .837E+04 B.4B8E+2S 42,08
14 4,28 9.743E+03 't .G20E+24 ©B.512E+BS 43.59

l.east-Squaras Line for Ho vs Q curva:
Slone = ~1,.8114E-91
Intercept = 7.3487E+25
Least-squares line for g = a+delta-T7"b
a = 3.9079E+24
b = 7.52800E-2!
NOTE: 14 data points wera stored in file FONMAHBESC!

NOTE: 14 K-Y pairs were stored :n daia file
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NOTE: Program name : DRPCK
Data taken by : O'KEEFE
This analysis done on file : FONMANGBSBC!
This analysis includes end-fin effect

Thermal conductivity = 385.8 (W/m.K)
Inside diameter, D1 = 12.70 (mm)
Qutside diameter, Do = 19.95 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Fopov coefficient = 1.00082
Using no insert inside tube

Tube Enhancement : WIRE-WRAPPED SMOQTH TUBE

Tube mater:al : COPPER

Pressure condition : ATMCSPHERIC

Nusselt theory is used for Ho

Ci (based on Petukhov-Popov) = 11,2431

Alpha (based on Nusselt (Tdel)) = 11,3153

Enhancement (q) 2.053

Enhancement (Del-T) = 1.719

Data Vw Uo Ho Gp Ter Ts
# (m/s) (W/m~2-K) (W/m"2=i) (W/m=2) (C) (o

! 4,29 7.787E+03 1.712E+04 S.452E+25 31.90 100.00

2 3.77 7.478E+23 1.747E+Q4 S.242E+05 30.00 120.03
3 3.25 7.128E+03 1.8Q07E+Q4 4.38SE+2S 27.61 9%.35
4 2.72 6.58BE+33 1.812E+04 4.B3SE+0S 25.58 93.9%
1S 2.22 S.980E+03 1.823E+04 4.200E+QS 23.25 1¢9.922
8 1.68 5.287E+@3 1.914E+Q4 3.722E+0@S 19.45 1090.04
7 1.15 4 . 5Q02E+03 2.354E+Q4 3.170E+@S 13.47 120.10
8 1.68 S.2B3E+Q3 1.901E+04 3.730E+0S 15.682 100.02!
9 1.18 4.45QE+03 2.25ZE+24 2.153E+@S 14,20 100.24
10 2.2 6.Q0BE+23 1.374E+Q4 4.275E+3S 22.81 SS.35
11 2.73 6.655E+22 1.877E+@4 4.724E+05 25.17 3%.8b
12 3.25 7.208E+33 1.878E+@4 S.1132E-0QS 27.23 9. 35
13 3.77 7.658E+23 1.36CE+94 5.473E+0S 29.12 g§g. 37
4 4.30 8.034E+22 1.837E+04 S.583E+05 30.82 120.9¢C

Least-Squares Line for Hc vs g curve:
Slope = ~| ,J43ZE~D1
Interzept = 7.1006E+QS
Least-squares line for q = asdelta-T"b
a = 4,1757E+04
b = 7.5300E-21
NOTE: 14 data points were stored 1n file FONMANG3CH

NOTE: 14 X-Y pairs were stored i1n data file
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NOTE:

Program name : DRPOK

Data taken by : O'KEESFE
This analysis done on file : FONMUHB3C!
This analysis i1ncludes end-fin effect

Thermal conductivity = 385.0 (W/m.K)
Inside diameier, Di = {2.70 (mm)
Cutside diameter, Do = 19.05 (mm)

This analysis uses the QUARTZI THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.,0000
Using HEATEX 1nsert 1nside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material : COPPER

Pressure condition : VACUUM

Nusselt theory 1s used for Ho

C. (based on Petukhov-Fopov) = 2.5490

Alpha (based on Nusselt (Tdel)) = 1.1854

Enhancement (g) = 1,787

Ennancement (Del-T) = 1,546

Cata Vw Uo Ho Qp Tcf HE
4 (m/s) (W/m"2-K) (W/im~2-K) (W/m"2) (C) (C
1 4.32 9.B811E+@3 1.641E+04 2.24BE+0S 13.69 48.74
2 3.79 9.448E+03 1.628E+04 2.148E+25 13.193 43,81
3 2.28 9. 185E+03 } .65BE+04 2.QB62E+0S 12.43 48.78
4 2.73 8.599E+03 1.B6QE+24 1,94BE+0S 1.72 48.77
5 2.21 B8.208E+03 1.703E+Q4 1 ,82BE+@S 10.72 48.72
6 1.568 7.523E+33 1.755E+04 1.B68E+0Q5S 9.51 48.78
7 .18 6.870E+23 1.944E+24 1.451E+05 7.46 48.82
8 1.68 7.518E+833 1.754E+04 | .6B7E+0Q5 9.82 48.31
9 1.15 B.668E+@3 1.346E+34 1.4858£+0S 7.48 48.5%
10 2.21 §.220E+03 1.713E+94 1 ,.848E+0S 19.79 43 .23
11 2.74 8.740E+33 1.678E+24 1 ,.9BBE+0QS 11.73 ag .83
12 3.2 9.189E+2Z 1 .B6BE+Q4 Z.Q73E+0S 12.43 48 .83
13 3.78 3.44BE+D3 1.627E+94 2.139E-0S 13.15 43.74
14 4.31 §.846E+@3 1.649E+04 2.Z212E+2S 13.42 45,89

Least-Squares Line for Ho vs g curve:
Slope a2 -2.07S1E-Q!
Interzept = G5.498QE+0QS

Least-squares line for g = ardelta-T"b
a= 3.1228E+04
b = 7.5200E-01

NOTE: 14 data points were stored in file FONMUKEBC!

NOTE: 14 X-Y pairs were stored in data file
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NOTE:

Program name : DRPOK

Data taken by : O'KEEFE

This analysis done on file : FONMUNESC!
This analysis i1ncludes end~fin effect
Thermal conductivity = 385.0 (W/m.K)

Inside diameter, Di = 12.70 (mm)

Outside diameter, Do = 19.05 (mm)

This analysis uses the QUARTZ THERMOMETER readings
Modified Petukhov-Popov coefficient = 1.0000

Using no insert i1nside tube

Tube Enhancement : WIRE-WRAPPED SMOOTH TUBE
Tube material : COPPER

Pressure condition : VACUUM

Nusselt theory is used for Ho

Ci (based on Petukhov-Fopov) = 1.9378

Alpha (based on Nusselt (Tdel)) = 11,2885

Enhancement (q) = ]1.82S

Enhancement (Del-T) = 1,570

Data Vuw Uo Ho Qp Tef
S (m/s) (W/m"*2-K) (W/m"2-K) (W/m™2) (CH
| 4.32 7.410E+03 {.958E+04 1.748E+05 8.93
2 3.79 7.037E+03 1.994E+24 1 .544E+0S 8.24
3 3.26 B.B71E+0Q3 2.102E+24 1.549E+05 7.37
4 2.74 6.177E+03 2.18%E+04 1.432E+0S 5.54
5 2.21 S.S857E+D23 2.26CE+@4 1.288E+QS 5.63
6 1.68 4.8Q00E+23 2.340E+04 1.111E+0QS 4,75
7 1.16 3.882E+@3 2.496E+04 3.997E+04 3.62
8 1.68 4,765E+23 2.277E+@4 1.127E+2S 4.8S
9 1.16 3.877E+23 2.492E+24 8.988E+04 3.5t
12 2.21 S.572E+@3 2.308E+924 1.315E+QS 5.7
1 2.74 6.155E+0@3 2.177E+Q04 1 .446E+@S g.64
12 3.27 6.643E+22 2.086E+24 1.S07E+2S 7.51
13 3.78 7.018E+03 1.981E+04 1.647E+Q5 8.31
14 4.32 7.407E+03 1.,954E+@4 1.74BE+25S 8.34
15 2.74 B.165E+03 2.172E+@4 1.423E+QS 6.53
18 1.186 3.896E+03 2.8523E+24 2.88IE+04 3.52

Least-Squares Line for Ho vs g curve:
Slope = -1 ,B323E-31

Intercept = §.,4549€E+05

Least-
ds
bs

NCTE:

NOTE:

squares line for g = a+delta-T"b
3.44S4E+24
7.5000E-21

16 data points were stored in file FONMUNBZEC!

16 X-Y pairs wera stored 1n data file
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NOTE: Program name : DFRPOK
Data taken by : O'KEEFE
This analysis done cn file : FONMAHTICI
This analysis 1ncludes end-fin effect

Thermal conductiv:ity = 385.0 (W/m.K}
Inside diameter, D1 = 12.7@¢ (mm}
Cutside diametar, Do = 195.85 (mm:

This analysis uses the QUARTZ THERMOMETER reagirgs
Modified Fetukhov-Fopov coefficient = 1.9039
Using HEATEX 1nsert ins:de tukbe

Tube Enhancement : SMOOTH TUEE

Tube material : COPPER

Prassura condition : ATMOSPHERIC

Nusseit thecry 13 used fsor Ho

Ci (based on Patukthov-FPopov) = 3.0634

Alpha (based on Nussalt (Tdeli! = 1.5048

Enrarncement (q) = 2.31Z

Enhancement (Del-T) = 1.87S

Data Vw Uo Ho Qp Te*®
b4 (m/s) (W/m"2~K} (W/im"2-K} (W/m~2) L
1 4.29 1.087E+24 1. 7T7¢E+Q4 7.4638E+DS 42,29
: 3.78 1.075c+04 1.736c+24 7.253E~-ES 49.42
3 3.24 1.950E+~04 1.835E+04 7.Q05CE+ES 36.42
4 2.72 1.007E+Q4 1.B6QE+04 5,763E+2S 38.37
S 2.19 9.8574E+03 1.911E+Q4 EB.407E+05 32.83
5 1,87 5.871E+Q3 1.368FE+04 S.345z+2C 3.3
7 1.18 7.842E+33 2.121E+94 5,227E+4S 24 .53
8 1.87 8.836E+23 2.011E+Q4 §.223E+3S 29.37
9 1.18 7.3Q2E+93 2.1T4E+Q4 S.3!'9E+2S 24,42
1D 2.22 3.8Q1E+23 2.9017E+04 B.871E+RE 33.38
H1 .72 1.038E+24 1.379E+04 T.Q7SE~IS .07
iz 5.24 1.Q30E-Se 1.972E-24 7.42CGE+2% 37.33

L2ast-3gquaras Lina for Ho vs Q curve:
Slepe = -1 ,474%2-9)
Intercept = 7 ,2EITE+QS

o

st-sguares iine for q = asdalta-T"
= 4.5353E+04
=  7.5000£-91

NCTE: 12 data points were stored in file FONMARTICH

NCTE: 12 X-Y pairs wera siorad 1n data fila
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NOTE: Program name ORPOK
Data taren by : O'KEEFC
This analysis dore on filas FONMANTICH
Thie analysis includes sng-fin =ffact
Tharmal conductivaity n J385.0 {(W/m.K)
insicde diameter K D1 = 12.72 (mm>)
Qutside diamater, Do = {9.95 (mm)
This analys:s usa2s the QUARTZI THERMOMETIR raadings
Mod:fi1ad Petukhov~Fopov ccefficient = 1,200
Using no 1nsert 1nrside tubs
Tube Enhancemant WIRE-WRAPFED SMCQTH TUEL
Tube materiaj : COPPER
Fressurs condition @ ATMOSPHETIC
Nusselt thecory 1s used for Ho
Ci (baced on Petukhov-Topecv) = 1,25E3
Alpha ‘based on Nusselt (Tdeld: = 11,7015
Crrarcamant {3° = 2.247
Enhancemant (Del-7) = 2,132
Cata Yw Uo Ho Qp Tef
L3 {m/s)} (W/m 2=k CW/im 2=k {W/im=21} ()
i 4.2 8.928E+23 2.330E+Q4 B.214E+QS 25.67
2 3.7% 8.523E+93 2.393e+0Q4 5.823C-9¢ 22,77
3 3.2 8.042E+93 2.471C+04 5.52'E+QS 22.83
4 2.72 7.374E+23 S.ATIE+Q4 S.121E+00 29.77
S c.20 5.613E+D3 2.480F+04 4 ,G25C+0% 18.57
& 1.68 5.7GoE+d3 2.532E-94 1.2IZR2C+0S 12,54
7 1,15 4.755C-03 2.095C+04 3.333C+0% ia.7T
B 1.868 S5.724L+93 2.5¢25+94 4.064£-+0S 12,70
9 1,18 4,874C+93 3.543E+04  3.4C3E-05 35,40
1Q -.20 5.8C2E-03 2.005C+04  4.7Z0E+DS 12,42
11 .73 7T.200E+02 S.B855C+@4  3S.232E+D5 i3.5¢
12 3.2% 5.212E4+92 2.0TIC+Q4  S.7730-05 2'.ed
13 3.77 53.881£-93 2 TiSE+04 §.Z02E+ST 12.3%
14 4.2% 3.1Z82+93 2.704E+93  5.5GiC~2% Za.27
Least-3quarsas Line *or Ho vs g curve:

—emy— -
sE27C-2C

Siop= = -z,
Intercapt = 7 .9Z4Q0E-2S

La2ast-squaras line for q = aedelta-7-

a = 5.3i35:£+d4

b = 7.500Q0E-2:
NCTE: 11 data psi1nts were storad in fila FONMANTICH
NCTE: 14 (=4 pairs sera 3tarad 1n zcata file
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NOTE: Program name : DRFOK
Data takern by : O'KEEFE
This anaiysis done on file : FONMUNTIC)
This analysis i1nciudes and-fin affact
Thermal conductivity = 385.0 (W/m.K)
Inside diameter, D1 12.790 (mm) .
Qutside diameter, Do = 12.95% (mm)
This analysis uses tha QUART. THERMOMETER read:ings
Mod:ified Petukhov-Popov coeff:ciant = §.2000
Using no 1nsart 1nside tube
Tube Ernancemert : WIRE~-WRAF=ZD 31007+ TUEE
Tube matarial ¢ COPPER
Pressure condition @ VACUUM

Nusselit theory 15 usecd for Ho

C: (based on Petukhov-Popcv) = 1 ,9883

Aipha (based on Nusselt (Tgei!)) = {.,47325

Enhancement (q? = 1,299

Enhancement (Del-T) = 1.559

Data Vw Uo Heo Op Tef Ts
3 {m/5) (Wim " 2=K) (W/m"2-K (W/m~2) Cy (Cco

i 4.32 7.365£+03 2.150E+24 1 ,844E+DS 3.52 42,353

2 3.7% 7.432E+03 2.i88E+04 1 ,7S1E+@C 5.27 13,74
3 3.28 7.Q45E+23 2.232E+24 I .BOTE-DE 7.18 4.7
4 2.74 5.532E+03 2.110E+@34 1 ,823E-@S 5.25 45.72
5 2.2 5.872E+23 2.SIZ2E<@3 1.37BE+DS5 G.48 48.63
6 i.83 S5.0C23E+23 2.823c+94 1 ,187E-QS 1.7 43,74
7 1.18 4 .Q63E+23 2.738E-24 3,.574E+04 3.5 43.72
8 1.68 S.958E+33 2.618E+d4 1, IQ4E-2S 4.5 45.5%
8 .18 4.073E+02 2.775E+Q04 3,509%E+24 .48 43.3%
19 2.21 §.361E+33 J.553E+04  1,40Q02E+2S 5.43 48.53
i 2.7 6.521€E+83 J.327E+R4 1 .583E+2S 5.34 48.867
12 3.27 7.074E+03 2.359E~Q4 i1.59ZE+dS TLld .5
12 3.78 7.497E+23 2.275E+Q4 1 ,3Q2E+25 3.02% 48.32
14 4,32 7.372E+03 2.16QE~-Q4 1.3B8IE+QE 3.7 3.32

Least-Squaraes Line for Ho vs Q curve:
Slcoe = -1,.4B850E-9!
intercept = S, 4553E+0%
Least-squar=s line for 3 = aegsjta-""'%
a= 3.7811E-04
b = 7.3900E-3!

NGCTE: 14 data points ware storsg 1~ “iis FONMUNTIC!

NCTE: 14 <~Y pa.rs uere staxrag | zZava f;ls
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NOTE: Program name': DRFOK

Data taken by : 0'KegEFE

This analysis done cn file : FCONMYHTICZ
This amalysis includes end-fin affect
Thermal conductivity = 385.9 (W/m.K)
Inside diamater, G1 = 12,70 (mm)
Outside diameter, Do = 19,05 (mm)

This anmaiysis uses the GUARTZ THERMOMETER readirgs

Modified Fetukhov-Popov coefficient = 1,0000
Using HEATEX :insert 1nside tube

Tube Enhancemen: WIRE-WRAPFED 5MCOTH TUBC
Tube material : COPFER

Pressure conditien : VACUUM

Nusselt theory i1s used for Hc

C1 (based on Petukhov-Popov) = 2.7847
Alpha (based on Nusselt (Tdel)) = 1,2803
Enhancement (q) = 1,886
Ennancement (Del-T7) = 1,479
Data Vw Uo Ho Qe
$ (m/s) (W/m"2=-K} (W/m 2-F) W/t
1 1,16 7.118E+23 2.072E+04 1 .S83E+DS
2 1.68 8.035E+03 1.838CE+04 1 ,3222+905
3 2.21 6.775E+03 1.333E+04 Z2.215E+QS 1
4 2.74 3.287€+22 1.7284E+01 Z.147E+D5 ]
5 3.28 9.855E-33 1.805c+94 Z.2BTE+@E !
) 2.75 1.015E+04 1.786E+04 2.3S4E-~0S 1
7 4,32 1.03BE+34 1.7I8E+04 Z.4713E+3E 1
B8 3.28 9.8590E+Q7 1.502E+Q4 2 .Z415E+OS i
9 2.2 8.857E+03 1.865E+04 1,387E+05S i
] 1,18 7. 142E-Q3 2.088E-Q4 1.371E+@S

Least-5Squares Line for Ho vs qQ curve:
Siopa = -} 3477E-2
Intercept = 5.5320E~05

Laast-squares line for g = asdeita-T'b
a = 3.,378Sc+d4
b = 7.5300E-93:

NOTE: 1@ data points wers storaed 1n file FONMUHTICE

-n
-
-
]

NOTE: 1@ X-Y pairs wers stored 1n data
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APPENDIX E. DRPOK PROGRAM LISTING

The program DRPOK, which was used to collect and reprocess

all of the data, is listed in this appendix.
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12001

DRPOK (O'KEEFE)

1806! REVISED FROM DRP12B: JUL 1892 (5. MEMORY)

10071

1008! TO BE USED WITH NON-INSTRUMENTED TUBES ONLY

12@8! TAKES DATA IN THE FORMAT OF SWENSEN/Q'KEEFE

1210t CAN REPROCESS ANY NON-INSTRUMENTED DATA

@121

12131 THIS PROGRAM WAS USED TO COLLECT ALL THE NON-

10141 INSTRUMENTED DATA TAKEN BY Q'KEEFE (APR~SEP 1932) FOR TITANIUM TUBES
10151

1017 MEANING OF ALL FLAGS IN PROGRAM

101814

10191 IFT: FLUID TYPE

1029 150: OPTION WITHIN PROGRAM

19211 IM: INPUT MODE

1022 IWIL: VALUE OF Ci USED

10231 IFG: FINNED CR SMOCTH

10241 INN: INSERT TYPE

1@251 IWT: LOOP NO. WITHIN PROGRAM

1928 IWTH: ALTERNATIVE CONDENSER TUBES

10271 IMC: TUBE MATERIAL

1028! ITDS: TUBE DIAMETER

10291 IPC: PRESSURE CONDITION

10301 INF: DIMENSIONLESS FILE REQUIRED

16311 IPF: PLOT FILE REQUIRED

19321 10V: OUTPUT REQUIRED

1033 IHI: INSIDE HTC CORRELATION

1034 10C: OUTSIDE HTC THEORY/CORRELATION

1835 COM /Cc/ C(T)

1836 COM /CcB5/ T85¢(5)

1237 COM /Cc56/ TBB(S)

1838 COM /Cc57/ T57(5)

1239 COM /Cc58/ T58(5)

1040 COM /Fld/ Ift,Istu

141 DIM Emf(20) ,Tw(b)

1042 COM /Pr/ Qpa(20),Tfm(2@) Tfmr , Ipc,Qpr

1242 COM /W1l/ Nrun, Itr,lwth,Imc,Ife,ljob,lwd,Ifg,Ipco,Ifto,Iwil,Ih1 ,lcc,Inam,t
¢u,Pe«p Rm

1044 COM /Geom/ D1 ,02,D1,D0,L,L1,L2

1046 DATA 0.10086091 ,25727.84369,-767345.8295,78025595.81

1247 UDATA -82474855689,6.97688E+11 ,-2.66192E+13,3.94078E+14

1048 READ C(#+)

1249 DATA 273.15,2.5943E-2 ,~7.2671E-7 ,3.2941E-11 ,-9.7719E-16 ,9.7121E-20
1050 READ T55(+)

1051 DATA 273.15,2.5878E-2,~5.9853E~7 ,-3.1242E-11,1.3275€E-14 ,~1,0138E-18
1052 READ TSE(+)

1053 DATA 273.15,2.8823E-2,~7.3933E-7,2.8625E-11,1.9717E-15,-2.2486E~19
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1054 READ TS7(»)

1055 DATA 273.15,2.8931e-2 ,-7.5232E-7 ,4.0657E-1! -1.2791E-15,6.4402E-CC
1056 READ T5&(=+)

1957 Dr=.015875 ! Qutside diameter of the cutlet end

195¢ Dssp=.1524 I Inside diameter of stainless steel test section

1059 A.=PI+Ds=p"2/4
1060 AlpZ=0.

1061 L=.133Z% ' Condensing length

1962 L1=.060325 I Inlet end "fin length”
1063 L2=.02492% i Qutlet end "fin length”
1064 PRINTER IS 1

1QES  BEEP

1@EE PRINT USING "4X,""Select option:"""

1069 PRINT USING "BX,"" @ Take data or re-process previous data"""
1884 PRINT USING "BX,"" ' Print raw data"""

1@90 PRINT USING "BX,"" 2 WILSON Analysys"""

1993 PRINT USING "6%,"" 3 MODIFY"""

1896 PRINT USING "BX.,"" 4 PURGE"""

1102 PRINT USING "6X,“" © RENAME"""

1105 INPUT Iso

1198 Iso=lso+l

111t IF Iso*! THEN 3084

1112 BEEF

1115 INPUT "SELECT FLUIL (@=WATER, 1=Rk-113, Z=EG)" I1ft
1116 Ifto=Ift

1117 BEEP

1118 1j0b=0

1119  INPUT "ENTER INPUT MQODE (0=3054A,1=FILE)" ,Im

1120 Im=Im+!

1123 BEEP

1124 IF Im=1 THEN

1126 INPUT "ENTER MONTH, DATE AND TIME (MM:DD:HH:MM:55)" Date$
1129 QUTPUT 7@9;:"TDh"i;Dates

1122 O0OUTPUT 703;"TD"

1133 ENTER 7@9;Dated

1135 END IF

1136 IF Ijob=1 THEN

112¢ EBEEP

1141  INPUT "SKIP PAGE AND HIT ENTER" O}
1144 END IF

1145  PRINTER 15 701

1146 IF Im=1 THEN

11458 ENTER 7@3;Datet

1150 FPRINT * Month, date and time :";Date%
1151 END IF

1152 PEINT
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1156 PRINT USING "1€X,""NOTE: Program name : DRPOK"""
1171 IF Ijob=1 THEN 1189

1174 BEEF

1186 INPUT "SELECT (Ci:@=FIND,1=STORED Ci1)>" ,lw1l

1189 IF Im=1 THEN

11392 EEEF
1185 INPUT "GIVE A NAME FOR THE RAW DATA FILE" ,O_fileg
1198 PRINT USING "16X,""File name Tt L14AY D _fales

1201 CREATE BDAT D_file$,30

1204 ASSIGN @File TO D_file$

1207 BEEF

1210 INFUT "ENTER GEOMETRY CODE (1=FINNED,@=PLAIN)",fIfg
1211 Inn=0

1212 PRINTER IS 1t

216 BEEP

1217 PRINT *® ENTER INSERT TYPE:"
1218 PRINT * @=NONE (DEFAULT)»"
1219 PRINT * 1=TWISTED TAPE"
122 PRINT " 2=WIRE WRAP"

1221 PRINT 3=HEATEX"

1222 INPUT Inn

1226 OUTPUT @File;Ifg,Inn

1227 Twt=0 ' FOR UNINSTRUMENTED TUBE

1228 Fh=0

1221 Fp=0

1234 Fu=9

1235 Istu=0

1232 IF Ifg=0 THEN 1241

1238 INPUT "FIN PITCH, HEIGHT AND WIDTH, Fp.,Fh ,Fu" ,Fp,Fh ,Fuw
1241 OQUTPUT @FilesIwt Fp,Fw,Fh

1242 ELSE

1249 BEEP

1259 PRINTER IS

1252 PRINT " STUDENT'S DATA TO BE REPROCESSED:"
1252 PRINT *  @=SWENSEN/O'KEEFE (DEFAULT)"

1254 PRINT " 1=YAN PETTEN/MITROU/COUMES/GUTTENDORF"
1265  INPUT Istu

1256 BEEP

1257 PRINT

1259 IF Istu=t THEN

12EQ PRINT " STUDENT NAME:"

1261 PRINT " @=VAN PETTEN"

12E2 PRINT " 1=MITROU"

1263 PRINT " 2=COUMES"

1264 ° PRINT " 3=GUTTENDORF"

1265 ELSE
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PRINT " 4=SWENSEN"

PRINT " S=0'KEEFE"

END IF

INPUT Irnam

BEEP

INFUT "GIVE THE NAME QF THE EXISTING DATA FILE" ,D_f1leg
PRINTER IS8 701

IF Inam=0 THEN PRINT USING "16X,""Date talen
IF Inam=1 THEN PRINT USING "16X,""Dats tatlen
IF Inam=2 THEN PRINT UCSING "16X,""Data talen
IF Inam=3 THEN PRINT USING "1B6X,”"Data taten
IF Inam=4 THEN PRINT USING "16X,"“"Data taken
IF Inam=5 THEN PRINT USING "1B6X,""Data talen

PRINT USING "1EB¥ ,""This analysis
PRINTER IS5 1

BEEP

INPUT "ENTER NUMBER OF DATA SETS
ASSIGN @F1le TO D_file$

ENTER @Fi1le;Ifg,Inn

IF Istu=0@ THEN

ENTER ®F1le;Iwt ,Fp,Fuw ,Fh

ELZE

IF Ifg=@ THEN ENTER @F1ile;Iwt

IF Ifg=1 THEN ENTER @File;Fp,Fw,Fh
END IF

done on file

STORED" ,Nrun

END IF

IF Ijob=1 THEN 1537

IF Ift.@ THEN 1345

BEEP

PRINTER IS 1

FRINT USING "4X,""Select tube type:"""

PRINT USING "B¥,""@ Thictk wall Copper"™"

PRINT USING "6X,""t Wclverire Korodense LPD Titanium Tube"
PRINT USING "6X,""2 Smooth Titanium Tube"""

INFUT Twth

BEEP

FRINT USING "4X,""Select tube Enharncement used:"""
PRINT UZING "bX,""@ SMOOTH TUBE"""

PRINT USING "6&Y ,""1 FINNED TUBE"""

PRINT USING "BX,""2 WIRE-WRAPPED SMOOTH TUBE"""

PRINT USING "BY ,""3 LPD KORODENSE TUBE"""

PRINT USING "EX,""4 WIRE-WRAPPED LPD KORDDENSE TUBE"""
INPUT Ityp

PRINTER IS 701
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322 BEEP

1373 PRINTER IS 1

1334 PRINT USING "4X ,""Select Mater:ial Code:"""
1336 PRINT USING "6X,""Q@ Copper ! Stainless steel”""
1239 PRINT USING "6X,""2 Aluminum 3 9@:10 Cu-Ni"""
1342 PRINT USING "BX,""4 Titanium '

1242 INFUT Imc

1345 PRINTER IS 1

1248 BEEP

1349 Itds=1

1351 IF Iwith=0 THEN

1352 PRINT USING "4X,""SELECT TUE. DIA TYPE:"""
1357 PRINT USING "GX,""Q@ SMALL"""

1360 PRINT USING "6X,""1 MEDIUM (DEFAULT)"""

1363 PRINT USING “6X,""2 LARGE"""

1366 INFUT Itds

1367 END IF

1369 PRINTER IS 781

1372 IF Iwth=0 THEN

1375 D1=.0127 ¢ ID OF MEDIUM AND LARGE TUBES
1378 Do=.01905 i 0D OF MEDIUM TUBE
1383 END IF

1384 IF Twth=t THEN
1388 Di=.01347

1402 Do=.01585%

1405 END IF

1457 IF Iwth=2 THEN
1458 Do=.01585

1453 Di=.01386

1460 END IF

tae1 Di=.01905

1462 D2=,01587

1465 IF Itds=0 THEN

14BE Do=.0127
1471 D1=.@809525
1474 END IF

1477 IF Itds=2 THEN [Do=.025
1478 IF Iwth=1 THEN D!=.D1G8%
1479 IF Iwth=1 THEN DI=.01585
1434 1IF ITwth=2 THEN D1=.01587
1485 IF Iwth=2 THEN D2=.81587
14¢7 IF Imc=0 THEN Kcu=385
1489 IF Imc=! THEN Kcu=16
1432 IF Imc=2 THEN Kcu=167
1495 IF Imc=3 THEN Kcu=4%
1496 IF Imc=4 THEN Kcu=2@.1
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1496 Rm=Do+LO0G(Do/D1)/(2+Kcu) ! Wall resistance based on outside area

15@1 BEEP

1504 INFUT "ENTER PRESSURE CONDITION (@=V ,1=A)" Ipc

1507 Ipce=lpc

1EQ¢  Inf=0

1510 BEEP

1837 Ife=t

1836 PRINTER IS 7@

1543 FRINT USING "16X,""This analysis 1ncludes end-fin effect”"”

1546 PRINT USING "16X,""Thermal conductivity = """ 30.0," (Wi mLEDY T ke
1549 PRINT USING "16X,""Inside diameter, Di = """ DO.DOD " (mm) i Des 1000
1852 PRINT USING "16X,""Outside diameter, Do = """ DD.0D,"" (mm;"""i0c+ 10020
15551 BEEF

1556 1hi=0

1857 PRINTER IS 1

1558 PRINT * SELECT INSIDE CORRELATION:"®

1559 PRINT * @=SIEDER-TATE (DEFARULT)"

156@ PRINT * 1=SLEICHER-ROUSE"

1SEY  PRINT ° 2=PETUKHOV-FPOFQOY"

1562 INPUT Iha

1563 IF Thi=0@ THEN

1564 BEEP

1566 INPUT SELECT REYNOLDS EX¥PONENT" Re-~p

1567 END IF

1566 cc=

1569 BEEP

1578 PRINT

1571 FRINT * SELECT OUTSIDE THEORY/CORRELATION FOR WILSON ANALYSIS:"

1672 PRINT " @=NUSSELT THEORY (DEFARULT)"

1873 PRINT " I=FUJIT (13973) CORRELATION"

1574 INPUT loc

1575 BEEP

1576 Itm=1

1577 PRINT

1676 PRINT SELECT COOLANT TEMPERATURE RISE MEASUREMENT:”

1579 IF Istu=0 THEN PRINT @=SINGLE TEFLON T/C"

158Q PRINT " 1=QUARTZ THERMOMETER (DEFAULT»"

1581 PRINT * 2=1@-JUNCTION THERMOPILE"

15882  INFUT Itm

1583 PRINTER IS 701

1684 IF [tm=0 THEN PRINT USING "16X,"“This analysis uses the SINGLE TEFLOK T/C

readings"""

1585 IF Itm=1 THEN PRINT USING "16X,""This analysis uses the QUARTZ THERMOMETER
readings"""

1586 IF Itm=2 THEN PRINT USING “18¥,""This analysis uses the 1@-JUNCTICN THERME

PILE readings”""

1587 Ti1c=1 | FOR MODIFIED WILSON

1588 IF Ihi=@ THEN Ci=.027

1569!' IF Inn=2 AND Di1=,003525 THEN C:1=.05t TG BE MODIFIED

t59@t IF Inn=2 AND D1=.@127 THEN Ci=.052

15811 IF Inn=3 THEN Ci1=.2C 196




15921 IF Inn=@ THEN Ci=.012
1593+ IF Ift=2 THEN Ci=.035
1941 END IF

1895 IF 1lra=1 THEN Cai=1.

1898 IF 1h1=2 THEN Ci=1.

1587 IF Iwil=1 THEN

1538 BEEF

1593 INPUT "ENTER Ca

1600 END IF

16@1 PRINTER IS 70!

160C  IF Ihi1=0 THEN PRINT USING
.40";C1t

1602 IF Thi=@ THEN PRINT USING
.DD" ;Rexp

1604 IF Ihi=1 THEN PRINT USING
*,2.4D";Ci

16@5 IF Thi=2 THEN PRINT USING
v,2.4D";C1i

1606 IF Inn=0 THEN FRINT USING
16@7 IF Inn=2 THEN PRINT USING
16@8 IF Inn=3 THEN PRINT USING
1609 IF Istu=0 THEN

1610 IF Inn=1 THEN PRINT USIKNG
1612 ELCE

1613 IF Inn=1 THEN PRINT USING
1616 END IF

1617 IF lic=0 AND Ife=1

1618 IF lic=1 THEN Ac=0.

1619 EBEEP

1620 IF Ijob=! THEN 1648

1621 PRINTER IS5 1

16221 INPUT

1623 FP_files="DUMMY"

1624 BEEP

1634 CREATE BDAT P_f1le%,10
1644 ASSIGN BFi1lep TO P_files
1648 IF Ijob=1 THEN

1651 Iov=t

1654 GOTOD 1689

1657 END IF

16E@ BEEP

1661 INPUT "SELECT OUTPUT (@=SHORT,
1666 Iov=Iov+]

1667 PRINTER I3 701

1672

1673 IF Ityp=1

“16X%,""Modified Sieder-Tate coefficient

IF DIFFERENT FROM STORED VALUE" ,Ca

"16X,""Crhosen Reynolds No.

exponent

"16X ,""Modified Sleicher-Rouse coefficient

"16X ,""Mcdified Fetukhov-Fcpov coefficient

"16X,""Us1ing
"16X,""Using
"16X,""Using
"16X,""Using
"1EX,""Using

THEN Ac=26.4

1=LONG

no insert inside tube"'
wire wrap i1nsert

HEATEX 1nsert

twisted tape 1insert

inside tube”
inside tube"""

wire wrap insert inside tube""'

"LTov

IF Ityp=0 THEN FRINT USING "18Y ,""Tube Enhancement
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THEN PRINT USING "1EX ,""Tube Enhancement

"NAME FOR A TEMPORARY PLOT FILE (TO EE PURGED)" ,F_file$

: SMOOTH TUBE"""
¢ FINNED TuBE"""

insi1de tube"™"




1674 IF Ttyp=2 THEN PRINT USING
TUBE"""

1675 IF Ityp=3 THEN FRINT USING
1675 IF Ityp=4 THEN PRINT USING
ROOENSE TUBE" ™"

1E7S  EEEF

1681  IF Imz=0 THEN PRINT UZING

16€2  IF Imc=! THEMN PRINT USING

152 1F Imc=C THEN FRINT USING

t6eda  IF Imc=3 THEN PRINT USINEG

1685 IF Imc=4 THEN PRINT USING

16EE  IF Ipc=@ THEN PRINT USING

16E7 IF Ipc=1 THEN PRINT USING

16581

2.00"iFp Fuw,Fh

“16Y ,""Tube Enhancement
"16% ,""Tube Enhancement

“16%,""Tube Erhancement

“16X,""Tube material
"16X," "Tube material
"16X ," " Tube material
"16%,""Tube material
"16X,""Tube material

"1BX,""Pressure condition
"16X,""Pressure condition

FPRINT USING “1BX,""Fin pitch, width, and height (mm):

WIRE-WRARPFED SMOTTw

: LPD KORODENSE TuEE

WIRE-WRAFPED LFL +7

CCEFER" ™"
STAINLESS-STEEL "
ALUMINYM "

ges1e Cu/nlv

TITANIUM" "™

: UACUUM" "

FTMOCFHERIC" ™"
"t ,B0.DG,Zx,2.00,2x,

1689 1F (Jwi1l=0 OR Iwil=2) AND Im=2 THEN

1680 T,cb=)

1€32  lwa=t

1696 CALL Wilson(Ci)

VERQ  END IF

1702 J=Q

1712 IF Iov=1) THEN

1722 PRINT

723 IF Ihi=1 THEN

1724 FPRINT USING "10% ,""Data Vw Us Ho Up Tcf T=
Fe.p"""

1725 PRINT USING "10@x,"" # (m/s) (W/m Z-K) (W/m"2-t) (W/m 20 o Y

(G=F "o

t72E  ELSE

1728 PRINT USING "!'@7 ""Data Vw Uo Ho Qp T=

f Ts"""

1729 FRINT USING "10>» t (m/s) (W/m~2~+) (W/m 2-K) (W/m-2) o

) O

172@  END IF

1740 END IF

1747 .=

175¢ 72.2=0

V782 2.y=0

1756 2y=0

175 S5.=0

1762 Sy=0

1765 5.35=0

1765 S.y=0

1771 Go_on=1

1774 Repesat:!
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1777 J=J+t

1780 IF Im=1 THEN

1783 BEEF

1786 INPUT “LIKE TO CHECK N6 CONCENTRATION (1=Y ,0=N)7" Ng
1783 IF J=1 THEN

1792 OUTPUT 709:"AR AF4d AL41 URG"
1785 OQUTPUT 708;"AS SA"

1798 END IF

1801 BEEP

1804 INFUT "ENTER FLOWMETER READING" ,Fm
1807 OUTPUT 7@09;"AR AFER® ALBZ VRS"
161@ OUTPUT 709;"AS SA"

1813 ENTER 709:Etp

1816 OQUTPUT 709:"AS SA"

1813 BEEP

1822 INPUT "CONNECT VUOLTAGE LINE" ,Ok
1825 ENTER 7@9;Bvol

1828 BEEP

1831 INPUT "DISCONNECT VOLTAGE LINE" , Ok
1834 IF Bvoll.! THEN

1837 BEEP

1840 BEEP

1843 INPUT "INVALID VOLTAGE - TRY AGAIN!" Ok
1846 6070 1819

1849 END IF

1858 OUTPUT 7@9;"A% SA"

1861 ENTER 7@3;Bamp

1862 Etp=Etp+1.E+6

1863 OUTPUT 7@9;"AR AF40Q0 AL47 URS"
1874 Nn=7

1876 FOR I=8 TO Nn

1879 OQUTPUT 709:"AS SA"

1885 Se=0

1888 FOF K=t TO 10

1891 ENTER 7@S:E

1894 Se=Se+E

1887 NEXT K

199Q@ Emf(I1)=ABS(Se/10)

1916 Emf(I)=Emf(I)*1 . E+E

1918 NEXT I

1921 OUTPUT 709;:"AS cA"

1924 OUTPUT 7213:"TIRZE"

1927 WAIT 2

192@ ENTER 713:7T11

1823 OUTPUT 71Z;"TZP2E"

1926 WAIT 2
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18938 ENTER 713;T2

1942 QUTPUT 7135 "TIR2E"

1945 WAIT 2

1948 ENTER 713;712

1851 Ti1=(J11+T12)+.5

1954 QUTRPUT 713;3“T3R2E"

1960 EEEF

1970 INFUT "ENTER PRESSURE GAGE READING (Fga)" ,Pgs
1971 Pvapl=Pga*6894.7 ' PSI TO Fa

1972 OUTPUT 709; AR AFB4 ALB4 VRS

18973 QUTFUT 7@9;"AS SA" t PRESSURE TRANSDUCER
1974 Ge=0

1975 FOR K=1 T0 20

1976 ENTER 709;:;Etran

1977 Ss=Ss+Etran

1978 NEXT K
1979 tran=ABS(S5s/20)
18950 BEEP

19811 PRESSURE IN Pa FROM TRANSDUCER

1982 Pvapl=(-2.93604*Ftran+14.7827)+6894.7
1865 ELSE

1886 IF Istu=0 THEN

1989 ENTIR BFi1lei;Bvol ,Bamp ,Etp ,Fm ,T1,72 ,Pvap! ,Pvapl Emfu=.
193¢ ELGE

1992 ENTER @F1le;Bvol ,Ramp ,Vtran Etp Emf Q) Emf(1) Emfi2) Emf(Z) Emfid) Fr T1 7
2,Phg ,Puater

1994 END IF

1986 IF J=1 OR J=20 OR J=Nrun THEN

1997 Ng=1

1998 ELSE

1899 Ng=@

200@ END IF

2002 END IF

2023 IF Istu=Q THEN

2002 Tsteam!=FNTvsvS7(Emf(Q))

2093 Tsteaml=Tsteam!-273,15

2010 Tsteam2=FNTvsvSG(Emf(1 >

2811 Tsteaml=Tsteaml-273.15

2012 Tsteam=Tsteam!

2015 Troom=FNTvsvBE(Emfi2))

2022 Troom=Troom-273.15

2822 Tcon=FNTvsvSEB(Emf(7 )

2039 Tcon=Tcon-273.15

2047 EL:E

2043 Tsteam=FNTvsv(Emf(Q)

2044 Troom=FNTvsv(Emf(3Z))
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Tcon=FNTvsv(Emf{4))
END IF
Fsat=FNPvst(Tsteam:
Rohg=13529-122+(Troom-2E6.85)/50
Fowater=FNRhow(Troom)
IF Istu=0 THEN
Ptesti=Fvapl
PtestZ=Fvap?l
ELSE
Ftestl=(Phg*Rohg-Puater*Rowater)*S5.81/1000
END IF
Fi s=Fsat#1.E-3
Pip=Ftest2+1 E-3
Pl t=Pl s
Tsat=FNTvsp(Psat )
Ust=FNVUvstiTsieam:
Fpng=(Ptest’-Fsat)/Ptest’
Fpst=1-Ppng
Mwv=1£.016
IF Ift=1 THEN Mwv=137 ' TO BE CORRECTED
IF Ift=2 THEN Mwv=G2
Ufng=‘Ptestl-Psat)/Ptestl
Mfng=1/¢1+401/Vfng-1)*Mwv/28.97)
MEng=Mfnrng+100
VEng=Vfng+ 100
BEEF
IF Iecv=2 THEN
FRINT
! RECORD TIME OF TAKING DATA

IF Im=1 THEN

QuTPUT 709;"TD"

ENTER 705;Told$
END IF

FRINT USING "104,""Data set rumber = " DD,4% 14~ ;] Tclas

OQUTFUT 7Q9; "AF AF4Q AL4C VRE"

OUTBDT 7@9; "AS SR

END IF

IF lov=2 AND Ng=t THEN

FRINT USING “1@x,"" Feot Ftran Tmeas Tsat NG %mm®

PEINT USING "1Qr,"" (tFa&) (}Fad (C» CH Mzlal

FRINT USING 11X v (ZD.D0,2Xx) 1 ¢30.00,2x%»,2¢2D.00,2¥) Iy 1 MI0. D, 2% 1 5By e "
steam Toat Mfng

FRINT

END IF

IF Mfng .5 THEN

BEEP
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IF Im=1 AND Ng=1 THEN
EEEP

FRINT

FRINT USING "1@»
BEEF

INPUT "0F TO aCCEFT THIS RUN 1=y @=n.7"
IF Gi =0 THEN

EEEF

GISP "NOTE: THIC CATA SET wiLtL EE DISCARCDED!Y
WAIT &

GOTC '7eR

m

nergize the vecuum system

Ot

END IF
END IF
END IF

IF Im=1 TRHEN

IF Fm 10 OR Fm 122 THEN

I1fm=0

BEEP

INFUT  INCORRECT FM (1=ACCEPT @=0ELETE * ,Ifm
IF Ifm=Q THEN 1204

END IF

END IF

ANALYSIC BEGINS

IF lsetu=2 THEN
TiieFNT . g, S Emf ,

T1Z=FNTvs .65 Emf¢
Tt =FNTvswGE Emil
Tel=FNTvevSS Emf(B))

Ti1=711-272,18

Tro=T12-272.18

Tet=Tc1-272.15

Tol=Tol-272.15%

Tdel!=Tg1-T11

Tdel2=T52-T)2

TdelZ=T2-T!

Etoi=Emf¢Z +Erp 20,

Ctoe=".C971E-C2-1 5Q4E4E-coEtpi+ .2V 7QIE-1QEsp!

FT

‘7

*Etp! 4

Tris=[itdesEtp. ' Q.
ToZ=Ti14Tr1s
XF IGV=: THE'J

FRINT USINGE "1x " TINI TOUTHY TIiNT TouT
FEINLT USING "1y o CTEFLCON VGUART T

FEINT USING "2y 7¢Z0.00, 22073711 Te!t 77,72 Tdeli ,TdelZ Tra1s

ENCG IF
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2I67  Er1=AERS(T11-T1)H

2368 Er3=ABX(Ta2-T1)

ZI8S  FRINTER IS 1

237@  EEEF

2378 ErIs=ABSO(T2-T1 ) =iTr1s)i/472-T1

2377 IF ErZ .Q% AND Im=1 THEN

2375 EEEF

23Z7S FFINT "GQCT AND T-PILE CIFFER BY MORE THAN GL-
2360 01 2=t

2ZE1 15 01 Z=0 AND Erl .25 AND Im=1 THEN 1760
J3el  ERD IF

22:F PRINTER I3 70!

23z ELSE

2ZBS  Ti=FNTvev(Emf(2))

2386 Grad=FNGradi(T1+T2)+.3)

2387 To=T1+RES(Etp )/ (1Q*Grac i+l . E+E

-

2Bt Ti1=Ta

23e Tcli=Te

2391 END IF

2392 IF Istu=C AND Itm=0 THEN
2392 Tii=T11

2394 Tlc=Tc!

2Z35 END IF

2288 IF Itm=1 Tnily
2337 Tii=T1

239 TZo=71

2793 END IF

2400 IF Itm=C THEN
2421 T1i=Tad

C4Q7 Tlo=TcZ

2403 END IF

2424 Tavg=iT11+T2c)+.S

2405 1ft=0

24¢k Cpow=FNCpuw' Tavg

2407 Friow=FNFhow! Tavg)

240z IF Letu=@ THEN

2410 Moa=:8 T4R3eFm+ 12 007 /1000,

2411 Mg=Mde 1.QIBS-) ,8EB44E-TeT11~5, 250867y D0 10027
<412 EL:E

241Z Md=1.04BQSE-C+6 .5 IE-ZeFm

2414 MZ=Mdge: ) Q3EC-1,96RL4FE 227145, 2680E-6T1: . ,995434
<435 END IF

2417 Mt=Md/Phow

24tz lig=pME o EieD) T/40

2419 VYws=Yes (D11, 27E-2) 2

2427 IF Jztu=0 AND Twth=0 TREN VSWENSEH FRIC. SMOOTH COFPPER TUBE
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2427 IF Inn=0 AND Vw. .5 THEN TZe=T20-(-2.73E-4+1,75E-4+Y,+3 ,35E-4sYu"2-1 CEE-C
Vw2

2427 IF Inn=1 THEN T20=T20-(-6.44E-5+1 . 71E-3#Uw+4,45E-4+Uy 244 O7E-5+Vw Z

2424 IF Inn=2 THEN T20=T20-(-3.99E-4+2.75E-3+Vw+ 1 . 45E-C+Vw"24B.1BE-C*Vuw 3

2425 IF Inn=3 THEN T20=T20-({8.57E-G+1.23E-2+Vw+! .BEE-3+Vw"2+8,1BE-S*Vuw I

2426 END IF

2425 IF Istu=0 AND lwth=2 THEN IFRIC FACTOR SMTH TITANIUM TUBE

2429 IF Inn=@ AND VYw .5 THEN T20=TZo-(-4.62E-5-7.52E-4*VYw+1 . .BOE-Z+Vw " 2-2.24E-5
Vw ' 32)

2430 IF Inn=3 THEN T20=T20~(2.09E-4+9.74dE-4»Yw+2  1ZE-3#Uu 2-2,.21E-S*VYuw )

2471 END IF

2433 IF Istu=0 AND Iwth=1 THEN !FRICTICON FACTORS FOR KORODENSE

2434 IF Inn=0 AND Vw: .5 THEN T20=TZo-{-2.3EBE-4+1.8BE-32Vw+b.@13E-4>Vw 2+4.1235E
-5+Vw"3)

2435 IF Inn=3 THEN TZ20=T20-(2.059E-4+3,.202E-4+*Vuw+1 . 893E-F»Vw"2-2.781E-C»Vu 3
2436 END IF

2427 IF Istu=1 THEN

2439 IF Inn=0 THEN T20=TZc-(.013&+.001«Vw"2)

2440 IF Inn=1 THEN T20=T20-.004*Vws 2

2441 IF Inn=2 THEN Tlo=T20-.004+Vws 2

2444 END IF

2445 Q=Md+Cpw*{ T20-T11)

2448 Qp=Q/(PI+Lo+L>

2447 Ift=0

2448 bkw=FNKwi{Tavg:

2449 Muw=FNMuw! Tavg)

245@ FRei1=Rhow*VYw*D1/Muw ' ASSUMED SAME FOR KORODENSE

2451 Prw=FNFruwi(Tavg)

2452 Fel=0.

2457 Fel=0.

2454 Cf=1,

2455 FPruwf=Pru

2456 FRei1f=Fe1

2481 IF Ih:i=@ THEN

ZAE3 Ome=Rei Reap*Prw’ .33IZ2+Cf
2485 END IF

2486 IF Ihi=1! THEHN

2467 Sre=.88-(.24/(4.+FPruwf))
246S Srb=.ZZ2233+ .SeEAP( - .B*Fruf)
247@ Ome=(5.+,015+ke1f "SrasPrwf Srb)
2471 END IF

2477 IF Thi=2 THEN

2472 Epsa=t1.BIsLGT/Fer)-1.6h4) (-2,
2474 FPpli=1.,43.4+Eps1
2475 Fpi2=11.74+1 . E*Prw (-1/2)

2476 Ppl=(Epe1/81*sRe1sFru
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2477
2478
2479
2481
2482
2483
2484
2485
2486
2487
2488
2489
24309
2491
2492
2494
2495
2497
2500
2501
2502
2504
2505
2506
2587
2508
2509
2510
2511
2513
2516
2517
2518
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W rar3ra3rdr)
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[¥ul

2541

Pp2=(Ppk1+Pphk2#*(Eps1/8)" .5#(Prw”.6666-1))
Ome=Fp!/Pp2

END IF

Hi=Kw/D1+#C1+40me

IF Ife=0 THEN GOTO 2491

P1=PI«(Do+D1)

A1=(D1-D1)*PI*(D1+D1)+.5
MI=(Hi*P1/{kcu*Al)}".§

P2=FI«(Di+D>

A2=(D2-D1)*PI+(Di+D2)*.5
M2=(H1*P2/(Kcu*AZ))" .5
Fel=FNTanh(M1=L1 )}/ (Ml 1)
Fe2=FNTanh(M2*L2)/(M2+L2)
Dt=Q/(PI+D1#(L+L1#Fel+L2*Fel )*Hi)

IF Thi=@ THEN

Cfe=(Muw/FNMuw(Tavg+Dt))".14

IF ABS((Cfc-Cfi/Cfc)>.001 THEN

Cf=(Cf+Cfc)+.5

GOTO 2481

END IF

END IF

IF Ihi=t1 THEN

Prufc=FNFrw(Tavg+Dt)
Rei1fe=Uw*D1+*FNRhow( Tavg+Dt )/FNMuw! Tavg+Dt )

IF ABS((Frufc-Prwuf)/Prufc):.@@! OR AES{{(Reifc-Rei1f)/Reifc),;.001 THEN
Pruf=(Prufc+Prwf)/2.

Rei1f=(Reifc+Re1f)/2.

60TO 2481

END IF

END IF

Ift=Ifto
Lmtd=(T20-T11)/L0G({(Tateam-T11)/(Tsteam-T20))
Uo=Q/(Lmtd*PI=*Do=L)
Ho=1/(1/Uo-Do*L/(D1+(L+L1*Feli+L2+*Fe2)*H1 )-Rm)
Tcf=QGp/Ho

Cpsc=FNCpwi(TcontTsteam)*.5)
Hfg=FNHfg{Tsteam)

Two=Tsteam-Qp/Ho

Tfilm=Tsteam/3+Two*2/3

Kf=FNKw(Tf1lm)

Rhof=FNRhow(Tfilm)

Muf=FNMuw(Tf1lm)

Hpa=.651#Kf*(Rhof 2+9.81+Hfg/(Muf*Do*Qp )" .3233
Hnuss=.72c+(kf 3+9,.81+Hfg*Rhof 2/(Muf+*Do*Tcf)) .25
Alpt=.708*Ho/Hnuss

TEm{J=-1)=Tf1lm

Gpa(J-11=0p

205




2554

Y=Hpq*Qp .3323

2557  X=0p

2560 S.=5.+X

2563 Sy=Sy+y

2566 Srs=5.5+X"2

2568 S.y=S.y+Xey

2572 Ql=502

2575 Qless=QLl/(10@-25)*(Tsteam-Troom) ' TO BE MODIFIED

25878 Hfe=FNHf(Tcon)

2584 Mdv=0

2587 Bp=(Bvol+100)"2/5.7b

259@ Hsc=Cpsc*(Tsteam-Tcon)

2593 Mdve=((Bp-Qloss)-Mdva*Hsc )/Hfg

2586 IF ABS({Mdv-Mdvc )/Mdvcr>.01 THEN

2599 Mdv=(Mdv+Mdvc)*.5

2602 6070 2592

2605 END IF

2608 Mdv=(Mdv+Mdvc)*.5

2611 VUg=FNVUvst(Tsteam)

2614 VUv=Mdvslg/Ax

2620 F=(9.81+Do*Muf»Hfg)/{Uv 2+Kfe(Tsteam-Two))

2623 Nu=Ho*Do/Kf

2E2B6 FRet=VUvsFRhof+Do/Muf

2629 Nr=Nu/Ret” .S

2630 Hfuj=.9E+(9.81»Hfg /Tef ) . I#KFf ,5+Uv . 1%Rhof".5/(Do*Muf)".3

2635 IF Iov=2 THEN

2645 FRINT

2647 PRINT USING "5BX,"" Vuw Rei Hi Uo Hfuj (DT>
Hnu(Q)"""

2650 PRINT USING “SX,Z.D0,tx ,2(MZ.3DE,1X),3X,2¢(MZ.3DE,2Xx)"Vw ,Re1 ,H1 ,Uo Hfu) Hp

Q

2651  FRINT

2653 PRINT USING "Sx,"" Vv Ho Q Tcf NuRe F
Hnu¢DT)"""

2685 FRINT USING "5¥ ,2.DD,1 X ,2¢MZ.20E,1x),2X ,30.DD,2% ,3(MZ.3DE ,1X)" Vv Ho ,ip,Tc

f N ,F Hnuss

2656 FRINT

265z  END IF

2659 IF JTov=! THEN

2660 IF Ihi=1 THEN

2661 PSINT USING "11x,DD,2%,Z2.0D,1X% ,3«¢MD.3DE,¥X)»,2(30.00,1X),D.B00D"3J ,Vw,Uc ,He,

Op ,Tcf ,Testeam ,5ra

2BEZ ELSE

26RE PRINT USING "11x,0D,4x,7.00,24,2(MD.3DE ,2X),Z.30E,3X,30.0D,2%,30.00"5J ,Vw,

Ue ,Ho ,Gp ,Tcf ,Tsteanm

2671

END IF

206




IEIT

X} 0 O

RN AR ¥ 3 B S Y [ Y R g g

Ll O G Q-3 &

rI P RIFI T3 MY RI P
o QO 0

aQ w

END IF

IF Im=2 THEN

IF (Twil=0 AND Ijob=1) OR Jwil:@ THEN QUTFUT @Fi1lep;Qp, Ho
END IF

BEEP

IF Im=1 THEN

IF (Iwil=0 AND Ijob=1) OR Iwil=1 THEN OUTPUT @F1ilep;:Gp ,Ho
INPUT “"CHANGE TCOOL RISE? i1=Y, 2=N",Itr

IF Itr=1 THEN GOTO 2384

INPUT “OK TO STORE THIS DATA SET (1=Y @=N)?" ,0Oks

IF Oks=1 THEN

QUTPUT ©F1le;Bvol ,Bamp ,Etp ,Fm ,T1 T2 Pvap) ,Pvapl Emfi(+)
Alp2=Alpi1+Alp2

ELSE

J=J-1

END IF

BEEP

INPUT "WILL THERE BE ANOTHER RUN (1=Y @=N})?" Go_an
Nrun=J

IF Go_on<>0 THEN Repeat

ELSE

IF J<Nrun THEN Repeat

END IF

IF Ijob=1 THEN 2808

IF Iwi1l=0 THEN

ASSIGN @F1le TO *

Ij0b=1

Twd=1

CALL Wilson(C1)

im=2

ASSIGN €F1le TO D_files

G0TO 1136

END IF

IF Ifg=0@ THEN

PRINT

51=(Nrun*S<y~Sy#S=)/(Nrun*Sx5-5x"2)

Ac=(Sy~51+5.)/Nrun

FRINT USING "10X,""Least-Squares Line for Ho vs q curve:"""

PRINT USING "10X,"" Slope = "" MD.4DE";S1
PRINT USING "10¥,"" Intercept = "" MD.4DE";ihAc
END IF

EEEP

INPUT "ENTER SAME TEMPORARY PLOT FILE NAME" ,Fplot$
ASSIGN BFi1lep TO F_fi1les

FOR I=1 TO WNrun

ENTER ®F1l1ep;Qp ,Ho
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2873 ENTER @Fi1lep;0p,Ho

2883 Xc=L0G{(Qp/Ho)

2884 Yc=L0G(Qp?

2888  Z«=IZx+XcC

2BBE  Ia2=Ix2#Xc' 2

DRE7 Zay=iaytXcrYe

2688 Zy=ly+Yc

2889 NEXT 1

2892 Bb=.75

2891 ARAa=EXF((Zy-Bb*Z-)/Nrun)

2892 FRINT

7693 PRINT USING "1@X,""Least-squares line for g = ar*delta-T b"""
2694 PRINT USING "12X,""a = "" ,MZ.4DE" ;A3

2895 PRINT USING "12X,""b = "" MZ.4DE":Eb

2696 IF Ift=0 THEN

2897 IF Ipc=0 THEN

2898 Qps=2.5E+5

2699 IF Tic=0 THEN Hop=8326

2902 IF Iic=1 THEN Hop=10165+*(.01905/D0o)".33333

2905 END IF

2828 IF Ipc=1 THEN

2911 Qps=7.5E+5

2914 IF Iic=0 THEN Hop=7176

2917 IF lic=1 THEN Hop=7569%(.01305/Do)" .33233

2920 END IF

2923 Hes=Aa " (1/Bb)*Qps”((Bb-1)/Eb)

2926 IF Ipc=0 THEN Aas=2.32E+4

2079 IF Ipc=1 THEN ARas=Z,59E+4

2932 Alpsm=.876 FSWENSEN DATA

2931 IF lwil=0 THEN G0OTO 2958

2923 Enrat=Alpl/Alpsm

2934 Enr=Hos/Hop

2835! Enr=Aa/Aas

2928 PRINT

28411 PRINT USING "1OX,""Values computed at q = "",Z2.0D,"" (MW/m " 2):""";0ps-1.E+
6

28441 PRINT USING "12X,""Heat-transfer coefficient = “e DDL.DDD, " (hWim 2o 7T
;Hos/ 10D

2647 FRINT USING "12X,""Enhancement ratio (Del-T) = v 20.3D"sEnrat
2960! PRINT USING "10x,""Enhancement ratio at constant Delta-T = "",DD.DD"iEnr
29531 PRINT USING "1@X,""Enhancement ratio &t constant q = """ DD.DO"iEnr’
1.2333

2956 ELSE

2959 PRINT

7962 IF I1ft=1 THEN

296 Aas=2687.2 ! ZEBROWSKI (V = ©.4 m/s)

2966 Mas=2557.0+(.01905/Dc) .33333 ' VAN PETTEN (VU = 0.25 m/s)
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2966
2971
2974
2977
2980
29831
2986
2989
2892
2995
2996
3021

30041
3007
3013
3Q16

Aas=2557.0+(.01805/Do)".33333 '+ VAN PETTEN (V = 0.25 m/s)
END IF

IF Ift=2 THEN Aas=9269.7+(.01805/00)".33333

Edt=Aa’Aas

Eq=Edt " (4/3)

PRINT USING "1@X,""Enhancement (q) = "",DD.3D";Eq
PRINT USING "1@X,"“Enhancement (Del-T) " ,bD.3D";Edt
END IF

IF Im=1 THEN

BEEP

PRINT

FRINT USING "10X,""NOTE: "",22,"" data pcints were stored in file "" 18A ;
J,D_f1le$

END IF

BEEP

PRINT

FRINT USING "1@X,""NOTE: "",2Z,"" X~Y pairs were stored in data file

A"3J ,Plots$

3031
3073
30713
3080
3094
3100
2183
3106
312
3116
Jne
3121
3124
2127
3130
3133
3136
31329
3142
3145
2148
3151
2154
2157
3160
3163
3166
3169

2172

BEEP

ASSIGN BFile TO =+

ASSIGN @Filep TO =+

PURGE "DUMMY"

IF Iso=2 THEN CALL Raw

IF Is0=3 THEN CALL Wilson(C1)

IF Iso=4 THEN CALL Modify

IF Iso=5 THEN CALL Purg

IF Iso=6 THEN CALL Renam

END

DEF FNPvst(Tc)

COM /Fld/ Ift,Istu

DIM K(B)

IF Ift=0 THEN

DATA -7.691234564 ,-26.0802369E ,-168.17@8R546 ,64.23285504 ,-116.96462C25
DATA 4.16711732,20.9750676,1.E9,6

READ K(#*)

T={Tc+273.1%5)/647.3

Sum=0

FOR N=0 TO 4

Sum=Sum+k (N)*#(T-TY (N+1)

NEXT N

Br=Sum/(T*(1+K (S (1=TH+K(EI*(1=T) 2= 1=-T)H/(K(T7)e(1-T) 2+K(8))
Pr=EXP(Br)

F=22120000+Fr

END IF

IF Ift=1 THEN

Tf=Tcs!,8+32+459.6
P=10"(37.0655-4330.98/Tf~9.2635+LGT(TF)I)+2.0539E-3+Tf)
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P=P+1Q@1325/14.696
END IF

IF 1ft=2 THEN
A=9,.384685-3066.1/(Tc+273.15)
P=133.322+10"A

END IF

RETURN F

FNEND

DEF FNHfg(T}

COM /Flds Ift,Istu

IF Ift=0 THEN
Hfg=2477200-2450+(T-10)

END IF

IF Ift=1 THEN

Tf=T+1.8+32
Hfg=7.0557857E+1-Tf+{4,.838052E~-2+1.26193048E-4+Tf)
Hfg=Hfg*2326

END IF

IF Ift=2 THEN

TE=T+273.15
Hfg=1.25264E+6-Tk*(6.38263E+2+Tk*.747482)
END IF

RETURN Hfg

FNEND

DEF FNMuw(T)

COM /Fld/ Ift,Istu

IF 1ft=0 THEN
A=247.8/(T+133.15)
Mu=Z.4E-5+102"A

END IF

IF Ift=1 THEN
Mu=8.9629819E-4-T+(1,1094609E-5-T+5.5668258E~8)
END IF

IF Ifi=2 THEN

Th=1/(T+273.15)
Mu=EXP(-11,0179+Tt»{ 1 . 744E+3~-TL#(2,80335E+5-Tk*1,
END IF

RETURN Mu

FNEND

DEF FNVUvst(Tt)

CoM /Fid/s Ift, Istu

IF 1ft=0 THEN

P=FNFvsi(Tt)

T=T1+273.15

X=1500/T

Fi=1/(14T»t E-4)
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F2=(1-EXP(-X))"2.5#EXP(X)/X".5
B=.0015+F1-,000942+F2-.0004882+X
K=2#P/{461.52+T)

U=(1+(1+2+B+*K )" .5)/K

END IF

IF Ift=1 THEN

Tf=Tt#1,8+32
U=13,955357-Tf*(.16127262-Tf+*5.1726130E-4)
U=U/16.018

END IF

IF Ift=2 THEN

Th=Tt+273.15

P=FNPvst(Tt)

U=133.95+TL/P

END IF

RETURN V

FNEND

DEF FNCpw(T)

coM /Fld/ Ift, Istu

IF 1ft=0 THEN
Cpw=4.21120858-T#(2.26826E-3-T*(4.42361E-5+2.71428E-7+7))
END IF

IF Ift=1 THEN
Cpw=9.2507273E-14T*(9,.3400432E~-4+1.7207732E-6+T)
END IF

IF Ift=2 THEN

T+=T+4273.15
pr=4.18580(1.6884E-2+Tk*(3.35083E*3-Tk*(7.224E-S—TL*7.S]748E-9)))
END IF

RETURN Cpow+1002

FNEND

DEF FNRhow!(T)

CoM /Flds Ift, Istu

IF Ift=0 THEN
Rc=999.57946+T+(.01269-T*(5,482513E-3~T+*1.224147E-5))
END IF

IF Ift=1 THEN
Ro=1.62Q7475E+3~7#(2.2186346+T»2,3578291E-3)

END IF

IF 1fi{=2 THEN

TL=T+273.15-338.,15
Uf=9,24R48E-4+T1 (6, 2795E-7+T1 #(9.2444E-10+Tk+3,057E-12))
Ro=1/Vf

END 1IF

RETURN Ro

FNEND
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3451
3454
3457
34860
34E32
3466
3469
3472
3475
3478
348
3484
3487
3490
3483
3496
3499
3502
3505
3508
3511
3514
3517
3520
3523
3526
3529
3532
3835
3538
2541
3544
3547
2550
3553
3558
3559
25882
2585
7568
3571
3574
3577
3580
3583

7586

DEF FNPrw(T?

Pru=FNCpw( T )*FNMuw( T)/FNKw(T)

RETURN Fruw

FNEND

DEF FNKw(T)

COM /Fld/ Ift,Istu

IF Ift=0 THEN

X=(T+273.15)/273.15
Kw==,92247+X#(2,.8395~-X+(1,8007-X*( .525677-.07344+X)))
END IF

IF Ift=1 THEN
Fw=8.2095238E-2-T#(2.2214286E-4+T+2.3609524E-8)
END IF

IF Ift=2 THEN

Tk=T+273.15

Kw=4, 1B68E-4+(518,442+.320920+Tk)

END IF

RETURN Kw

FNEND

DEF FNTanh(X)

P=EXP({X)

Q=EXP(-X)

Tanh=(P~-Q)/(P+Q)

RETURN Tanh

FNEND

BDEF FNTvsv(Y)

COM /Cc/ C(T

T=C(0)

FOR I=f TO 7

T=T+C(I)»y"1

NEXT 1

T=T+4 . 7378BE-Z+T#(7 ,692834E-3-T+8.077927E-5)
RETURN T

FNEND

DEF FNHFf!T)

COM /Flds Ift,Tstu

IF I1ft=0 THEN
Hf=T»(4.203849-T+(5,.88132E~-4-T»4.5516@317E-6))
END IF

IF Ift=1 THEN

Tf=T+1,84+432
Hf=8.2078571+Tf»( ., 19467857+ Tf«1.3214286E-4)
Hf=Hf*2 32

END IF

IF Ift=2 THEN

Hf=25@ + TO BE VERIFIED
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3589 END IF

3592 RETURN Hf+1000

2595 FNEND

3598 DEF FNGrad(T)

7601 Grad=37.9852+.104388+T

3804 RETURN Grad

36Q7 FNEND

261@ DEF fFnlvsp(P)

2612 Tu=1930

3616 T1=10

7619 Ta=(Tu+Tl)+.5

3622 Pc=FNPvst(Ta)

2625 IF ABS((P-Pc)/F):.0001 THEN

3628 IF Pc«P THEN Tl=Ta

3631 IF Pc>P THEN Tu=Ta

3634 GOTO 3618

2637 END IF

264@ RETURN Ta

2643 FNEND

6646 DEF FNSigma(T)

6643 X=647.3-T-273.15

BES2 S5=.116@936807/(1+.83+X)+1.121404688BE-3-5.75280518E-6+X+1.286274E5E-E#X "2
.14971828E-11#X"3

6655 HRETURN S».001+X"2

6658 FNEND

6661 SUB Raw

6662 COM /Flds Ift ,Istu

BBE4 DOIM X(28)

6672 INPUT "ENTER TUBE NUMBER" ,Itn

6676 INPUT "ENTER FILE NAME" ,File$

6679 ASSIGN BFile TO File$

B6E8B® INPUT "STUDENT (@=Swensen)" Istu

B681 INPUT "SMOOTH OR FINNED (@=SMOOTH, 1=FINNED)" ,Ifg
BE83 INPUT "ENTER TUBE SIZE (@=5,1=M,2=L,3=QMC)" ,Itds
£665 INPUT "ENTER PRESSURE CONDITION (@=V,1=A)" Ipc
EEB8R IF Ipc=0 AND Ift=@ THEN Us=_

6631 IF Ipc=0 AND Ift=2 THEN VUs=10

BE9Z IF Ipc=1 AND Ift=0 THEN VUs=|

BEIZ IF Ipc=1 AND Ift=1 THEN Us=,2§

E694 IF Istu=1 THEN VUs=2

B698 Nrun=18

6E70C INPUT "ENTER NUMBER OF RUNS" Nrun

6703 PRINTER 15 701

6706 PRINT

6709 PRINT

B710 IF Istu=0 THEN PRINT USING "10X,""Data of Swensen""”
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IF Ift=% THEN PRINT USING "1@x,""Vapor 1is R-113"""

IF Ift=2 THEN PRINT USING "1@X,""Vapor 1s ethylene glycol"""
IF Itds=0 THEN PRINT USING "1@x,""Tube diametier: Small"""
IF Itds=1 THEN PRINT USING "1@X,""Tube diameter: Medium" ™"
IF 1tds=2 THEN PRINT USING "10X,""Tube diameter: Large”""
IF Itds=3 THEN PRINT USING "10X,""Tube diameter: QMC™ "

IF Ift ? THEN PRINT USING "1@X,""Vapor 1s steam"""
o]

PRINT
PRINT USING "10X,""Tube Number: “LIT i Itn
PRINT USING "1@X,""File Name: "t ,14A";F1le$

IF Ifg=0 THEN PRINT USING "10@X,""Tube Type: Smooth"""
IF Ifg=1 THEN PRINT USING "10X,""Tube Type: Finned"""
IF Ipc=0 THEN

PRINT USING "1@X,""Pressure Condition: Vacuum""’

ELSE

PRINT USING "10X,""Pressure Condition: Atmospheric”""

END IF

PRINT USING “1@Xx,""Vapor Veloc:ity: “,0D.DD,"" (m/s)"""3Vs

ENTER @F1le;Ifg,Inn

IF Itds=! OR Itds=2 THEN Di=.0127

IF Itds=0 OR Itds=3 THEN Di1=,009525

ENTER @F1le;lwt ,Fp,Fuw ,Fh

IF Istu=0 AND Ifg=1 THEN

Fp=Fp-1

FRINT USING "1@X ,""Fin spacing, widih and height (mm): "" 0OD0.D0,2X,7.00,2x

"iFp,Fw,Fh

END IF

PRINT

PRINT UCSING "10X ,""Data Vuw Tin Tout Te"""
PRINT USING "10Xx,"" $ (m/s) (C) (C) (cH"""
FRINT

FOR I=1 TO Nrun

ENTER ®F1lesX(=*)

Ts=FNTvsvE7{(X(B)1+X(9))/2.)

Ts=Ts-273.15

Fm=X(3)

Ti=Xt4)

TZ=X(5)

Tavg=(T1+T2)+.5

1ft=0

Rhow=FNRhow( Tavg)

Md=(5.7409+Fm+13.027)/1020.
Md=Md+(1.0365-1.96644E-3+T14+5.252E-6+T1"2)/1.0037
Mf=Md/Rhow

Yw=Mf/(FI1sD172/4)

IF Inn=0 AND Vw .5 THEN T2=T2-(-2,73E-4+1.75E-4+Vw+8.35E~4+Yw " 2~1.9bE-5+Vu
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BEAS IF Inn=1 THEN TI=T2-(-5.44E-5+1.71E-3*Vw+4.45E-4+Yw Z+4.07E-5+Vu’
6510 IF Inn=2 THEN TZ2=T72-(-3.99E-4+47,75E-3#Vw+1.4GE~3+Vu Z+8.1B6E-5*Vuw-
BET1  IF Inn=Z THEN TZ2=T2-(8.S57E-5+1 ,2ZE-3»yuw+1,@BE-2sVw " I+5.1EE-5*Yuw" 2.
6814 FRINT USING "1@¥ ,DD,5%x ,0.0D,2x,2¢(00.00,3%x),000.0D" 51 ,9w,T1,72,Ts
ES2'7 NEXT 1

BEZD ASSIGN BF1le TO »

6323 SUBEND

b SUB UWilson(Ci)

29 COM /Wil/ Nrun,Itm,Iwth Imc,Ife,Ijob,lwd,Ifg,Ipco,Ifte,lwil Ihy Tcz,
cu,Re«p ,Rm

BEZZ COM /Fldgs Ift , Istu

6823 COM /Geom/ D1 ,D2,01,00,L,L0,L2

62825 DIM Emf(20) ,Bveoi{25),Bami{5) ,EatailS) Ear{2E,7) Fma(Z5,,T1a(25),T2a7 25,
8845 IF Ioc=@ THEN

6347 FRINT USING "16x,""Nusselt thecry 15 used for Hc"""

6848 ELSE

£84S PRINT USING "1B6X,""Fuji1 correlation used for Ho"""

6850 END IF

[N

Y
Al

6853 BEEF
E85& INPUT "RE-ENTER DATA FI1LE BEING PROCESSED" ,D_files
6859 EEEP

6862 INFUT "GIVE A NAME FOR XY PLOT-DATA FILE" ,Plctg
6565 CREATE BDAT Plotg,10@

BEEB ASSIGHN @lo_path TO Flots

6271 J;=0

6874 ASSIGN BFile TO O_files

£377 ENTER @Fi1le;Ifg,Inn
£575 IF Istu=0 THEN

£353 ENTER @File;Ddd,Ddd,0dd,Ddd

E324 ELSE

63E5 IF Ifg=0 THEN ENTER ®File;lwt

B6SE IF Ifg=! THEN ENTER @F1le:Fp,Fw,Fh
6657 END IF

6625 IF J;=0 THEN

ESYS IF I1h1=0 THEN C1=.627

BEIE  IF Ihi=1 THEN Ci=1.00

£3%7 IF Ihi=2 THEN C1=1.00

EESS IF Ifg=0 THEN Alp=1.2

6900 IF Ifg=1 THEN Alp=2.6
B9@1  IF Ift=2 AND Ifg=1 THEN Alp=5.0
£9@4 END IF

6907 J=0

6310 S.=0
£E91Z2 GSy=0
E316 S.:s=0
£919 5.y=0
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6322
6925
6326
g9
6332
E3Z4

READ DATA FROM A USER-SPECIFIED FILE IF INPUT MODE tIm) = 2
1F J3=0 THEN

IF 1stu=@ THEN

ENTER BF:1le;Evol ,Bamp ,Etp ,Fm 71,72 ,0dd,Ddd Emfl( )

ELSE

ENTER 2Fi1leiBvol ,Eamp Mtran Etp Emf(Q) Emfily Emfi{l, Emf(3) Emfta., Fr~ ~° |

2 ,Prg ,Puater

633k
B8Z8
£529
694D
634>
6394t
5949
B952
6955
6£95€E
£955
6958
63e@
£9¢E1
g362
6964
B3ET
£370
E372
ES76
6379
£952
£955
£323
£33}
6932
£994
£99S
6598
£397
£585%
7002
7003
7004
7e056
7027
7809
7010Q
712

END IF

Bvo.J)=Bvol
Bam(J ) =Bamp
EatatJr=Etp

Ear«J ,0)=Emf(Q)
Ear(J 1)=gmfil)
Ear(J ,2=Emf( 2"
Ear{J , 3 =Emf(3)
Ear(J ,8)=Emf(4)

IF Istu=! THEN 6070 696!
Ear() .S)=Emf(5)
Ear(J,u =Emf(B>
Ear(J ,71semf(7)
Fma(J)=Fm

TiatJ)=T1

T2aiJ)=T2

ELSE

Bvol=Bvoi])
Bamm=Eam’ ],
Etp=EatatJ)
Emf(@:=Ear{J @)
Emf(1)=Ear(lJ 1)
Emf(2)=Ear(] K 2)
Emf(3)=Ear(J 2)
Emf(4)=Ear(] 4:

IF Istu=1 THEN GOTQO 6997
Emf(Sr=Earc] S
Emf(Bi=Ear(J &)
Emfc7r=Ear(J 7)
Fm=FmailJ)

Ti=TlacJ)

T2=T72atl)

END IF

IF Istu=0 THEN
Tesat=FNT,svE7i Emf(RI4+EmFfi 1),/ 2. >
Tsat=Tsat-272.18
Ti=FNTve G2 - Emf. 2>
Tel=FNTvevGGtEmf{4 )
T1=T1-272.15
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7013 Tol=Tol-273.15

7015 Etpi=Emfi3)+Etp/l0Q.

7016 Dide=C.5831E-2-).504B4E-b+Etpt+1 . 217 E~10+Etp) 2-5.11B4E~-18sEtpt Z-Z.0C¢
E-19+Eipt 4

7217 Tris=0tdesEtp /1@,

TME Te=Ti+Tras

7@19 ELSE

TRZ@ Tsat=FNTvsv{(Emf(&:)

7821 Ti1=FiNTvsv(Emf(2 )

7@CC  Grad=FNGrad((T1+TZ )+ 5,

TeI3 To=Ti1+ABS(Etp i/ (10*Gragis! E+E

7024 END IF

70251 CALCULATE THE LOG-MEAN-TEMPERATURE DIFFERENCE

7026 IF Istu=@ AND Itm=0 THEN

TeIT Tf=T)

7e28 Tl=To!

7@29 END IF

7@Z@ IF Iim=1 THEN

7021 Tf=T1

7037 T1=T2

7¢ZZ END IF

7034 IF Itm=2 THEN

TOIS Tf=T:

796 Ti=To

T8I END IF

7922 Tavg=iTf+T1)+.5

7040 Trise=T]-Tf

7041 Lmtd=Tr1se/LOG¢(Tsat-Tfi/(Tsat-T1,)

7047 1ft=¢

7845 Cpw=FNlpw(Tavg)

7044 Rhow=FNRhow{Tavg’

7¢45  Kuw=FNkw/ Tavg)

7045 Muwas=FNMuwi{Tavg:

7051 Prw=FNPruw(Tavg)

T84 Ift=Ifto

7¢585 IF Istu=@ THEN

TCET  Mdt=/E T742F«Fm+13,027 /1000,

706@ Md=Mgte(1 . Q355-Tfe(1, 96044C-3-TFf+5,252E-6))/1.0027

TAT 1 ELSE

TQE2 Mdt=1.Q4Z05E-2+5.8Q932E-32Fm

TeEZ  Md=Mdte! ) @I6E5-Tfe! ] . 90E44E-2-Tfs5 257E-6) 1/ .985454

7@RS END IF
7QEE  Vf=Md/Frow
7057 VYw=VFf/(FI«Dy 2.4
7062 Yws=Vws(D1/1 . 276212
TCT0 0 IF Istu=0 AND JTwih=0 THEN 'CWENSEN FRICTION FAC. FOR COPPER TUBE
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7075 IF Inn=0 AND Vw..5 THEN Trise=Trise-(-2.73E-~4+i.75E-4+Vu+3,35E-4sy Z-1.3
E-S+Vw " 3)

7278 IF Inn=! THEN Trise=Trise-(-6.44E-5+1 . 71E-2+Yw+4 4CE-4+Uy " 2+4 07E-S+\ v
7075 IF Inn=2 THEN Trise=Trise-(-3.93E-4+2.7GE~-3+Vu+ 1 .45E-3+Vw 248, 1BE-GsV.
T8¢ IF Inn=Z THEN Trise=Trise-(&.57E-5+1.23E-3+Vuw+! . @EE-Z+Vw 2+B.1BE-5+Vu 2
T@81  ENC IF

7R5Z IF Istu=0 AND Twth=2  HEN !OREEFE FRIC. FAL. FOF SMOCTH TITANILM TUEE.
7085 IF Inn=0 AND Vw' .5 THEN Trise=Trise-(~-4.62E-5-7.53E-4+Vw+1 . BOE-3+Vu 2
E-S5+Vw 3

7086 IF Inn=3 THEN Trise=Trise—{(C.09E-4+9.74E-4*Yu+2 . 12E-3*Vu" " 2-3.31E-5+"buw 2
TOE7 END IF

7068 IF Istu=0 AND Iwth=1 THEN {FRICTION FACTORS FOR KORODENSE

7083 IF Inn=0 AND Vw:.5 THEN Trise=Trise—(-3.38BE-4+).88E-3+Vwtb.0Q13E-4»Vu Z+4.
123E-5+Vw"3)

7230 IF Inn=3 THEN Trise=Trise-(2.Q089E-4+8.202E-4+Vw+) ,892E-2»Vuw 2-2.761E-D*wuw
3

7981 END IF

7052 IF Istu=1! THEN

7832 IF Inn=0 THEN Trise=Trise~(.0138+.001*Vw"2)

7¢54 IF Inn=1 THEN Trise=Trise-.004+*Vuws"2

7695 IF Inn=2 THEN Trise=Trise-.0Q04sVws"2

71008 END IF

710 G=Md*Cpw*Trise

7111 Qp=QR/(PI+DosL)

7114 Uo=Qp/Lmid

7117 Re=Rhow*Vw*D:/Muwa

7120 Fei=0

7123 Fel=0

TIZE Cf=1.

TIZ27 Pruwf=Pruw

7128 Fkeif=Fke

7129 Ift=@

7121 Two=Tsat-5

TIZZ Tfi1lm=Tsat/3+4Two*2/3

7135 FEf=FNkw Tfi1lm:;

712z Rhof=FHFhow: Tfilm)

71417 Muf=FNMuw Tf1lm>

71434 Hfgp=FNHfg{Tsat ) )+.b3*FRNCpw(Tf1lmi*{(Tsat-Tuc)

7147 New=Kfsibhcf 29 . E1sHfgp/(MufeDo*Cp i 3333

7143 New=(kf Z+5.81+HfgpeRhof 2/ Muf*Do+(Tsat-Two)) )" .25

7182 IF Ioc=t THEN

TYEI New=kKfel( (3. SieHfgp/Qp .25+ (MufsDo ) (-, 3758 *{Rhof ,BIS s Uy . 1280

7154 New=(3.81eHfgp/¢Tzat-Twoc ) . 2#*Kf . &#Uv . 1eRhof .S5/¢Do*Muf) .2

T1Ee  EHD IF

7153 Ho=Alp+Heuw

TIEZ Twoc=Tsat-Lp/Ho

(R

IR

L Te

o
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765 IF ABS((Twoc~Two)/Twoc )».001 THEN
716€ Two=Twoc

7171 6070 7132
7174 END IF
7175 Rexpi1=Rexp
7184 IF Ih1=@ THEN
7186 Omega=Re"Rexpi1*Fru
7187 END IF
7188 IF Ihi=1 THEN
7189 Sra=.88-(.24/(4 . +Pruwf))
7180 Srb=.333333+.5+EXP(-6*Fruwf?
7191 Omega=(5.+.015*Reif"Sra*Prwf"Srb)
7192 END IF
7193 IF Ihi=2 THEN
7184 Epsi1=(1.82+L6T(Re)-1.64)"(-2)
7195 Ppki=1.+3.4+Eps:
7196 Ppk2=11.7+1.8*Pru"(-1/3)
71897 Ppl=(Epsi1/8)*Re*Prw
7198 Ppl=(Ppki+Ppk2+(Epsi/B)".5*(Prw”.BB66-1))
7199 Omega=Ppl/Pp2
7200 END IF
7202 Hi=Kw/Di*Ci+*Omega
7203 IF Ife=0 THEN 7218
7204 P1=PI+(D1+D?1)
7205 PZ2=PI+(D1+D2)
7206 AV=(D1-D1)#PI*»(D1+D1)+.5
7207 A2=(D2-01)*PI+(Di+D2)+ §
7208 Mi=(Hi1i#P1/(Kcu*Al))".5
7209 M2=(H1+*P2/(Kcu*A2))".5
721@ Fel=FNTanh{M1«L1)/(M1+L 1)
7213 Fel=FNTanh{M2+L2)/(M2+LZ)
7216 Dt=Q/(PI+Dis(L+L)1*Fel+LZ+Fel )*H1)
7217 IF Ih1=@ THEN
7219 Muwi=FNMuw( Tavg+Dt)
222 Cfc=(Muwa/Muwi’".14
7225 IF ABS((Cfc-Cf)/Cfc)..001 THEN
7228 Cf=i(Cf+Cfcie.S
723 GOTO 7184
7232 END IF
234 END IF
225 IF Ihi=1 THEN
236 Prwfc=FNPrw(Tavg+Dt)
7237 Reifc=VUw*D1*FNRhow( Tavg+Dt )/FNMuw(Tavg+Dt)
7239 IF ABS((Prwfc-Prwf)/Prufc)..001 OR ABS((Reifc-Reif)/Re1fc)>.081 THEN
7240 Prwf='Frufc+Fruf)/2.
7241 Reirf=(Reifc+Re1f)/2.

e
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7242
7243
7245
7246
7247
7248
72483
725¢@
7252
7255
7258
7261
7264
*)
7267
7270
273
7276
72791
72821
72831
7285
7286!
7287
7288
7289
7291
7294
7297
7300
7303
73906
7309
7312
7315
7218
7321
7324
7327
733
7333
7326
7339
7342
7345
7346

G0TO 7184

END IF

END IF

Ift=Ifto

x=Do*New+*L/(OmegarhwriL+Li»Fel+L2*Fel))

Y=New+*{1/Uo-Rm)

COMPUTE COEFFICIENTS FOR THE LEAST-SQUARES-FIT STRAIGHT LINE
IF Jp=1 THEN OUTPUT @lIoc_path;Xx,Y

Sx=5x+X

Sy=Sy+Y

S»5=Sas5+X*X

Sxy=Sxy+X=Y

IF Im=1 AND J)=@ THEN OUTPUT @FileiBvol ,Bamp,Etp ,Fm ,T1,72 Pvap! ,Pvap2 Emf(

J=J+1
IF J<Nrun THEN 6825
S1=(Nrun*Sxy~Sy*S<)/(Nrun*Sxs-5x"2)
IF Twil=2 THEN
IF Inn=1 AND D1=.008525 THEN Sl=1/.051 'T0 BE MODIFIED
IF Inn=0 THEN S1=1/.012
IF Inn=3 THEN Si=1/.22
IF Inn=1 AND Di1=.0127 THEN S1=1/.052
IF 1ft=2 THEN S1=1/.035
IF Ihi1=0 THEN Sl=1/.027
IF Ihi=1 THEN Sl=1/1.Q0
IF Ih1=2 THEN 51=1/1.00
END IF
Ac=(Sy-51+54)/Nrun
Cic=1/51
Alpc=1/Ac
Jy=J1+1
IF Jp=1 THEN Jp=2
Cerr=ABS{(Cic-Ci)/Cic)
Aerr=ABS((Alpc-Alp)/Alpc)
IF Cerr.001 OR Aerr:>.001 THEN
Ci=(Ci1c+C1)+.5
Alp=(Alpc+Alp)+ .5

BEEP

IF Ijob=1 THEN 56307
ELSE

IF Jp=@ THEN Jp=1
END IF

IF Jp=! THEN B874
Ci=(Ci1+C1c)+.5
PRINT

IF Thi=@ THEN
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7348
7349
7350
7351

73521

7353
7354
7355
7356
7357
7358
7358
7360
73861
7362
7283
7354
7366
7367
7368
7269
7371
7372

—mm

[ ]
7274
73275
7376
7278
7379
7320
7261
73862
7383
7265
7386
7387
7390
7N
7392
7393
7594
7296
7397
739"
7339
7401

PRINT USING "10Xx,""C1 (based on Sieder-Tate) = """ 7.4D";Ca
END IF

IF Ihi=1 THEN

PRINT USING "10X,""C:1 (based on Sleicher-Rouse) = "",72.4D";Ci
PRINT USING "10x,""Re exponent for Sleicher-Rouse = "",D.DDD";Srea
END IF

IF Ihi1=2 THEN

PRINT USING "1@X,""Ci (based -on Petulkhov~Fopov) = "",7.4D";Ca
END IF

IF loc=0 THEN

PRINT USING "10X,""Alpha (based on Nusselt (Tdel)) = ,L.40"3Alp
END IF

IF Ioc=1 THEN

PRINT USING "10X,""Alpha (based on Fujii (Tdel)) = "' ,7.4D"3Alp
END IF

IF Inam=5 THEN

IF Ihi=0 THEN

IF Ipco=@ AND Inn=0 THEN Alpsm=,8218 IND INSERT,VACUUM,S5-T

IF Ipco=t AND Inn=0 THEN Alpsm=.7793 INO INSERT ,ATMOSPHERIC,5-T
IF Ipco=0@ AND Inn=3 THEN Alpsm=.7854 [VHEATEX ,VACUUM,5-T

IF Ipco=! AND Inn=3 THEN Alpsm=.7769 I'HEATEX,ATMOSFHERIC,S-T

END IF

IF Ihi=1 THEN

IF Ipco=0 AND Inn=0 THEN Alpsm=.8612 !NO INSERT ,VACUUM,5-R

If Ipco=! AND Inn=@ THEN Alpsm=.8218 INO INSERT,ATMOSPHERIC ,5-K
IF Ipco=0 AND Inn=3 THEN Alpsm=.7781 HEATEX ,VACUUM S-R

IF Ipco=1 AND Inn=3 THEN Alpsm=.7929 IHEATEX,ATMOSPHERIC,S-R
END IF

IF Ih1=2 THEN

IF Ipco=@® AND Inn=0 THEN Alpsm=.8205 INO INSERT,VACUUM F-P

IF Ipco=t1 AND Inn=@ THEN Alpsm=.7654 INO INSERT,ATMOSPHERIC ,P-P
IF Ipco=0 AND Inn=3 THEN Alpsm=.7670 [!'HEATEX ,VACUUM P-P

IF Ipco=1 AND Inn=3 THEN Alpsm=.7708 I!HEATEX,ATMOSPHERIC P-P

END IF

END IF

IF Inam=4 THEN

IF Ipco=1 THEN Alpsm=.876 !SWENSEN DATA BASED ON DEL-T

END IF

IF Inam=0 OR Inam=3 THEN

IF Ipco=0 THEN Alpsm=,83 VP MISTUI@RS

IF Ipcec=1 THEN Alpsm=.8Z TUP SMTHSTABS

IF Ift=1 THEN Alpsm=.733 17EBROWSKT (VU = .45 m/s)

IF 1ft=1 THEN Alpsm=.677 IVAN PETTEN (U = 0.25 m/s)

IF Ift=2 THEN Alpsm=1,262

END IF

IF Inam=1 THEN IMITROU ALPHA FOR P~P FROM REPROCESSING
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7402 IF Ipco=0 THEN Alpsm=.8437

7403 IF Ipco=1 THEN Alpsm=.8418

7404 END IF

7405 Et=Alp/Alpsm

7406 Eq=Et"1.3333323

74@7 FPRINT USING "10X,""Enhancement (g} = """ DD.3D";Eq
7408 PRINT USING "10X,""Enhancement (Del-T? = """ DD.3D"Et
7409 ASSIGN @Fi1le TO »

7410 SUBEND

7519 SUB Modify

7520 COM /Fld/ Ift,lstu

7522 DIM Emf(20)

7525 BEEP

7528 INPUT "ENTER NAME OF FILE TO BE MODIFIED" ,Fileo$

7531 ASSIGN @Fi1leo TO Fileo$

7534 CREATE BDAT "TEST",30

7537 ASSIGN ®Filed 7O "TEST®

7540 ENTER @®Fileo;Ifg,Inn

7543 OQUTPUT @Filed;lfg,Inn

7544 1F Istu=0 THEN

7546 ENTER @Fileo;lwt ,Fp,Fw,Fh

7547 OUTPUT ®Filed;lwt ,Fp ,Fuw,Fh

7548 ELSE

7548 IF Ifg=0 THEN

7551 ENTER @Fi1leo;lwt

7552 OQUTPUT @Filed;lwt

7553 END IF

7554 IF Ifg=1 THEN

7555 ENTER @Fi1leo;Fp,Fuw,Fh

7556 OUTPUT BFi1led:Fp ,Fuw,Fh

75587 END IF

7555 END IF

7560 BEEP

7561 INPUT "ENTER NUMBER OF DATA SETS STORED" ,N

7562 FOR I=! TO N

7563 IF Istu=0@ THEN

7565 ENTER @Fi1leo;Bvol ,Bamp ,Etp,Fm , T1,72 Pvapl ,Pvapl Emf(+)
7566 ELSE

7567 ENTER @Fileo;Bvol ,Bamp ,Vtran ,Etp ,Emf(0) Emf(1) Emf(2) Emf(3) Emfid) Fm T,
T2 ,Phg ,Puater

7568 END IF

7570! PERFORM CORRECTIONS

7571 PRINT USING "2X,""DO YOU WISH TO DELETE POINT"",DD,""?""";l
7572 INPUT "0@=YES, 1=N0",6Idel

7573 IF Idel=@ THEN 7580

7576 IF Istu=0 THEN
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7577 OUTPUT @Fi1led:iBvel ,Bamp ,Etp ,Fm,T1,T2 ,Pvap! ,Fvapl Emfis)
7578 ELSE

7579 OQUTPUT @Fi1led;Bvol ,Bamp,Vtran,Etp ,Emf(@) Emf(1 ) Emf(2) Emf(3) Emfcd) Fr 71
, 12 ,Phg ,Puwater

758@ END IF

7881 NEXT 1

7562 ASSIGN BFileo TO »

7583 ASSIGN €Filed TO =

7564 SUBEND

7585 SUB Purg

7588 BEEP

7591 INPUT "ENTER FILE NAME TO BE DELETED" ,F1le$
7594 PURGE File$

7597 G6OTO 7588

7600 SUBEND

769@ SUB Renam

7693 BEEP

7686 INPUT "ENTER FILE NAME TO BE RENAMED" ,Filel$
7683 BEEP

7702 INPUT "ENTER NEW NAME FOR FILE" ,FileZl$

7705 RENAME Filel$ 70 Filel$

7708 G6OTO 7593

7711 SUBEND

7721  DEF FNTvsvG8S5(\U)

7731 COM /Cc55/ T55(5)

7741 T=T55(0)

775t FOR I=1 70 S

7761 T=T+T55(1;#y"1

7777 NEXT 1
7781 RETURN 7
7791  FNEND

7801 DEF FNTvsvSE(W)
7611 COM /CcSE/ T56(5)
732 T=TSE(Q)

78ZY FOR I=1 T0 §

7841 T=T+T56(1)sy"1

7851 NEXT I
7861 RETURN T
7871  FNEND

7881 UEF FNTvsv57(V)
7881 COM /CcB7/ T57¢(5)
7801 T=T57(@d)

7911 FOR I=1 7O S

7821 T=T4T87(1)s0 1
7931 NEXT I

79417 FKETURN T

7951  FNEND

7861 DEF FNTvsvS&E(Y)
7971 COM /Cck8/ T58(5)
7981 T=T58¢Q)

7931 FIF I=1 TO S 223




8001
8011
8021
8031

T=T+T58(1)*uU"1
NEXT 1

RETURN T

FNEND
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